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\  ABSTRACT  0 

W' 

■i 

A  method  l«  preeented  fctr  rapidly  surveying  the 
gravity  field  of  the  earth  over  t^mt  portion  of  the 
surface  covered  with  water*  The  teohnlqums  cannot 
approach  the  aocumoles  attainab.le  with  stationary 
gravlmeteri.  The  oceans  of  the  earth  oonprlee  the 
majcolty  of  the  eravlmetnoally  uiw>harted  portion 
of  its  surfaoe*  Only  gravity  measurwaents  at  sea  t 
will  be  dlseussed  in  this  woric. 

To  provide  rapid  coverage  independent  of  ooeanlc 
dlstuHjanoee#  a  low-flying  alrereft  rather  than  a  ship 
will  be  used  to  transport  the  gravimeter*  Tlie  required 
accuraoy  will  be  obtained  through  the  use  flf  state-of- 
the-art  equliwmnt.  Tiie  use  of  an  aircraft  presents 
problems  In  aoourate  determination  of  alrsp«NK3«  altlttide^ 
latitude^  longitude^  and  the  first  and  second  derive*' 
tlves  of  these  quantities.  Howevert  an  advintage 
derived  through  the  vise  of  an  alroroft  is  the  prtsenoe 
of  a  vertloal  dlsplaoement  refersnoe^  an  altimeter 
which  meesures  helglvt  above  the  surfaoe  of  the  water. 

This  reference  makes  possible  a  method  for  nullifying 
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PRQgQSAL^  AMD  C&Oimm 


iiSiClontlsts  have  attempted  %o  determine  the 
size  and  erutpe  of  the  earth  for  centuries.  Host 
current  mathematical  representations  of  thus  shape 
of  the  earth  have  been  in  use  for  over  a  quarter 
of  a  centux^.  The  past  five  years  have  seen  an 
Increase  In  the  cj'ats  available  for  a  vx>ve  accurate 
detercdnation  of  the  shape  of  the  earth  throu^sh  the 
aiuiyals  of  artifioisl  satellite  orbits.  While  these 
data  are  helpful  in  detertsining  a  more  accurate 
mathematicsl  model  for  the  earthy  additional  informao 
tion  in  the  form  of  local  gravity  measurements  is 
needed.  Dr.  JUioyd  Ihompson  of  the  Oeophysics 
Research  Directorate,  Air  Force  Cambridge  Research 
Canter,  has  stated  that  an  accuracy  In  the  valvis  of 
t^ravity  of  3  to  4  mgal  is  needed  over  the  entire 
surface  of  the  earth  to  construct  a  more  accurate 
2;athematicaX  model  of  the  earth.  The  most  rapid 
means  of  coliectlr^^  ttils  data  is  by  aircraft. 

The  authors  will  investigate  a  asithod  by  which 
this  infonnatlon  can  be  gat^red  in  an  aircraft  with 
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a  stablXlsed  platform  and  an  inertial  navigation 
oystem.  No  att«i>q;)t  will  be  made  to  compote  with 
land-baaed  gravlnetara*  where  an  accuracy  of  ,1 
logalji  according  to  Dr«  Thonpaon,  can  be  obtained 
throu^  the  uae  of  stationary  gravity  >aeters. 

The  Bolution  cf  two  problems  ia  fundamental 
in  this  thesis.  First,  gravity  cannot  bo  distinguished 
fro!:  vertical  accelerations  of  the  gravity  meter, 
Jecause  of  this,  it  is  impossible  to  determine  the 
value  of  gravity  by  inertial  measurements  alone. 

Goi:io  form  of  radiation  measurement  is  essential  to 
separate  the  desired  quantity,  g,  froc*  the  total 
acceleration  of  the  gravity  meter,  Second,  the 
velocity  of  the  gravity  meaaxirlng  device  with  respect 
to  the  earth  is  needed  to  correct  the  mDtcr  sheadings. 
The  east-west  consponent  of  the  aircraft’s  velocity 
adds  vectozlally  to  the  eastward  tangential  velocity 
caused  by  the  rotation  of  the  earth,  thereby  Increaa- 
ing  or  de creating  the  radial  acceleration.  Chapter  4 
will  treat  this  problem  in  detail. 

The  authors  have  limited  this  tliesis  to  the 
aetormJ-natlon  of  gravity  over  sea  for  several  reasons i 
(1)  band-based  gravimeters  can  give  accuracies  an 
order  of  magnitude  bettor  than  can  be  accousplished 
v/ith  moving  meters,  (2)  Over  land,  the  aircraft 
altitude  above  sea  level  cannot  be  determined  with 
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sufficient  accuracy.  Over  water,  a  radar  device  can 
give  this  Information  verrr  readily,  (3)  dhlpbome 
graviraeters  eau  ijrcccntly  accuraciec  of  only 
llu  mgal  (4,7,16).  This  Is  not  sufficiently  accurate 
to  DO  beneficial  In  'mprovlng  the  present  model  of 
tho  size  and  shape  of  the  earth. 

Uhe  idea  of  MSU  as  X  gravity  anomalies  from 

an  aircraft  is  not  mw  (2c,21,a4,£3j23),  but  a 
method  providing  consistently  accurate  readings  has 
not  been  developed.  Current  projects  In  this  area 
arc  using  some  of  the  moat  advanced  techniques 
available  in  navigation  and  data  processing,  However, 
ut  the  same  time,  gravioeters  are  being  used  ;<hich 
seem  to  be  nothixit,  ciore  t-ljuxa  unotabllizecl  i:eters  of 
tlie  sea-type  aodlficd  axxU  shock-mountod  to  ride  In 
an  airplane.  Many  aitexupta  (£,V,10,12,Hglv,i7)  are 
being  made  to  measure  gravity  on  sM-ps  at  sea  using 
these  unstablllsed  meters.  In  an  aircraft,  the 
problem  of  accurate  determination  of  gravity  Is 
greatly  increased,  due  to  the  greater  velocities 
involved. 

A  suggestion  made  by  13r,  John  Ilovorka  of  the 
M,  I,  T.  Instrumentation  Xxiboratory  inspired  this 
attempt  to  increase  airborne  gravimeter  accuracy 
through  state-ef^the-art  stabilised  platforms.  Hie 
stabilized  platform  could  be  used  In  el the.  an  aircraft 
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or  a  chlp«  but  an  aircraft  hae  th*  lriw?ront  advaa- 
tago  of  havlns  a  raforence,  l.o.,  the  surfi;ao  of  the 
ocean,  other  than  tte  modliffli  in  which  it  Ic  tr-avollng, 
iicoauoe  of  thla,  long-poriod  vertical  acceleration.-, 
thilch  are  pz*esent  In  both  aircraft  and  ahlpa  (aza}  are 
Incliotingulahable  froa  gravity),  can  bo  coEq^enoated 
In  an  aircraft.  Theoc  f:2ctore,  along  vflth  tho  latest 
techniques  in  alrcpcodi,  altitude,  and  position  deter- 
rjinatlon,  provide  a  method  for  reducing  maourenent 
errors  to  a  minimunt.  The  effect  of  those  erroxv  itiU 
bo  amlysed  in  Chapter  4. 

The  taothod  for  dctcrsilnlne  the  ohape  of  the 
earth  from  Imown  valiico  of  gravity  in  attributed  to 
r.tolcoD  (l4),  I!io  theorem  eta  too  that 
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Ng  «  distance  from  the  geold  to  the  earth 
sphertd-d,  i.e.,  the  earth  ellipsoid, 
g  <■  taean  value  of  gravity  over  the  geold, 
r  •  mean  value  of  the  radius  vector  over  the 
geold. 

Fq  «  a  sixmaation  of  Legendre  polynaolals  as 
dex^ved  in  Appendix  A, 

<^g  «  gravity  anonaly. 

dS  «>  elenent  cf  surface  on  the  earth's  spheroid. 

Three  features  of  this  theorem  are  of  interest  in  this 
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th»8i*,  flmtj  in  the  derivation  (^pendix  A)  of 
Stokee'  Ximomm,  all  taa&ees  are  aasuned  to  be  Ineide 
Utt  seeld.  Ihis  is  in  kMpins  vith  the  earth  nodel 
ati  presented  bf  Jefrx'eyo  (l^)«  in  whioh  ail  the  nesses 
outside  the  «eeid  are  oeosidered  oondensoci  in  an 
Innnitelr  thin  layer  J'ust  inside  the  ^oid«  Honever* 
UJLs  BUSS  dispiseesient  is  so  emll  that  the  diiYerenee 
Utwen  JeiYreys'  model  (15)  end  the  nodel  used  by 
Ilalskunen  end  Voningohelness  (lb)  BMy  be  nesleeted* 

In  tide  thesis,  tin  H»i&laxien-Vening*>!felnes2  roodel 
will  be  used.  Second,  the  ntUiod  of  Stokes  cun  be 
vised  to  detemine  <aily  the  shape  of  tie  earth.  The 
siso  of  the  earth  cannot  be  deterained.  Third,  and 
of  prinergr  laportanoe  to  this  thesis,  is  the  feet 
Uut  errors  increase  as  one  ioes  farther  fror^  the 
cnusvired  values  of  ^ntgr.  Over  oeeun  areas,  thou« 
sands  of  idles  from  known  «rsvity  BMHvsurensnts,  the 
errors  besoat  aisnifloant.  Airborne  gravity  laeaeure* 
Bents  ean  help  by  filUng  in  the  values  of  gravity 
over  the  eea.  Then  the  shape  of  the  earth  oan  be 
loi|}roved  by  reducing  the  errors  in  the  extrapolaticiin 
by  Stokes'  ^Dieorsn, 

Since  this  thesis  deals  with  ths  sisasuresent  ef 
gravity,  it  is  iie;>ortant  to  doflne  exsetly  what  is 
sieant  by  this  torn.  Cbruvlty  is  ths  veetor  sun  of  ths 
earth's  pnvitaticmal  attrastlon  and  the  centrlfttgal 


Latitude  Lg 


Figure  1-1 

Relationship  Eetvveen  Gravitation  and  Gravity 


force  MUMd  Iqr  the  earth's  dally  rotation.  The 
prlBiary  aoeelemtlon  la  the  autae  attMotlon  as 
defined  by  Newton's  unlveroal  law  of  gruvltatlen# 
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(1-*) 


The  oen^fugal  force  W-a  la  at  meat  only  1/3  of 
one  per  oent  of  the  valuu  due  to  waaa  attraction. 

Because  of  this  rotation^  the  earth  cannot  be 
aldered  a  spheroid,  Znetead,  It  la  flattened  at  the 
polos  and  bulaed  at  the  e<pwter« 

The  gravity  potential  at  any  point  jlb  a  soalar  quan¬ 
tity  whose  maximum  rate  of  ohmse  is  the  force  of  gravity 
at  that  point,  Anetuipotentlal  surface  Is  c<w  on  which 
no  work  Is  done  against  gravity  when  a  mass  Is  moved 
b«itween  two  points  on  it.  The  vslue  of  the  gravl^ 
potentlsl  on  eueh  a  surf  ace  is  oenetaat  and  the  gravity 
foroe  veeter  at  any  point  le  nomnl  to  euob  a  surfeoo. 

The  authenatics  of  the  earth's  theoretical  equlpotential 
aurfacee  and  the  gravity  field  have  been  studied  in  many 
rtftreneee  {lA,l5$i2)»  One  partleular  equlpotontlal 
surface  eoineldea  with  naan  sec  level.  This  aurfsee  is 
oalled  tbs  gaaid.  Over  land  areas*  1^  gsold  la  ths 
Burfaos  the  ocaana  would  aaaunt  if  nerrew  canals  wea* 
out  through  all  oontlnanta,  Xt  la  senranlaivt  far  the 
purpose  of  tma  thesis  that  Hclaicanw  and  Venliig- 
NeliMiss'a  ealaulatlorai  use  ths  gaeid  as  «  rafarenat. 
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SIhmi  nil  «JUrtooRMi  mmMOfmmnit*  will  1m  mAm  with 
rwspMttw  WM  IwwIa  tha  um  tha  aatMi 

with  raa^aat  to  tha  ceolii. 


ttnaaawtiaal  grawlty» 
owajFywhava  nonnl  to 
Analjrtlotl  auvfiMM 


Aatwal  gwivity» 
avavywtum^  nanaal 
to  saold 


Sarth'a  mirfaoa 


\AmJtytlcal  D^xet^lCo 

appradnatlng  tha 
saold 


FifSiif  1-2 

Oaodatla  Surftaat 

tinea  tha  tiaeld  la  aeaNWhat  inpagular  due  to 
gvavitar  anoaoliaa*  it  it  toot  to  weak  with  an  mna» 
lytioal  aurfaoa  that  cloaaly  ayproadLaatat  tha  gaoid. 
Many  tueh  tuvfaaat  ava  In  uaa  (14)«  all  of  whieh  ava 
in  sanaval  acraawnt  with  tha  luxftaa  daralopad  tgr 
Haitkanen  and  Yaiilns<4lainatt*  fha  tfdiawold  of 
ravolutiOR  uaad  haa  thafhllawing  pvapartlaat 
a)  Zt  haa  tha  aana  flattanint#  f  «  (a«l»)/a 
«l/297.00  -  0,0033670^  aa  tha  aaald. 
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b)  Xt  ImB  tha  oana  nass,  N,  as  the  earto* 

This  mtm  Is  Byntaetneal  about  the  polar 
axis  with  respect  to  the  e<|uatorlaX  plane. 

9)  Vhe  spheroid's  oenter  of  gravity  oolnoideo 
with  that  of  the  earth. 

This  partieular  faailly  of  spheroids  of  revolution 
bo  eiven  by 

{  1  -  fp  X.^  -  [  f  {  I  c»  -  2f) 

+  ^  1,/b  8ln2  2  L  I  (1-3) 

a^  J  ^ 

where  frosi  fieure 

Sub  p  «  an  extomaJL  point 

a  <■  sewlnnajor  axis  of  analytical  external 
P 

equipotential  surfaee 
b  <*  aead.-ninra*  axis 

p 

c‘  *  s  caisfant-  a^/(kM) 

D  m  a  ssuUI  constant 

f  «  external  flattening 
P 

P  »  -  r 

P 

This  faeily  of  refwrenee  spheroids  of  revolution 
can  easily  bo  ehsnged  into  a  fasily  of  ellipsoids  of 
revolution  for  relatively  lew  altitudee.  Sine#  the 
metiiod  propoeed  in  thie  theeie  ie  restrieted  te  lew 
altitudee#  the  reeultiag  referenee  ellipsoid  will  he 
used. 
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AjMlljrtlMl  ttKlStVMl 
•q|iilp«tenUal  mnfMtt 


- - r's^ltrold 


Pliiure  1-3 

The  r4irer»noc  Spheroid 

Tj,  -  [  1  -  tp  sin®  -  I  ^  aig  J  (1-*) 

A  value  of  flatteningji  f «  euat  be  aaeiened  in 
order  to  ocaapute  the  value  of  gravitgr  on  the  mirfaee 
of  the  ellipeoida  Thie  value  nee  ehoeen  as 
Madrid  in  19S4,  and  ie  used  to  eoavute  the  Inteewtiooal 
0Mvltar  foraula.  nm  internatioml  ipavit9r  fcnnul«« 
as  ueeepted  in  the  Oenerul  Aeoenbly  ef  the  Intensitlonal 
iMon  ef  Oeedeep  and  Qeophgniiee  at  Steoldiolm  in  1930«  is 

8  U  ^  f  oir^  Lg  4-  6  sin^ 


(1-5) 


u 


8^  w  value  of  gravity  at  the  equator 

»  eoefflolent  of  -principal  latitudo  term 
6  m  eorrectlon  term 

Ifelng  the  values  for  ,  and  e  ,  ac  computed 

by  Helsbanenj  Soinlsllana,  and  Cassinis  {l4),  the 
sruvlty  fomula  boooiies 

S  -  97S*o45o  (i  +  w,uo5a8a4  sin^'  II, 

^  (1-6) 

-  0.0000059  sin®  tl^)  e<®w® 

Thus  far*  the  atta^actlon  of  the  sun  and  noon  have 
been  dlereffuded.  Their  attraetlon  (Udal  effeet) 
has  an  influenoe  on  the  neasured  value  of  isravlty. 
iAien  the  sun  or  noon  is  above  the  point  at  irtaioh 
gravity  ie  being  nsaeured*  their  attraction  will 
oauee  the  value  of  gravity  to  be  less  than  the  value 
vhioh  vould  be  obtained  if  the  eun  end  noon  eere 
beneath  the  point. 

In  figure  i*4*  the  noon  is  closer  to  point  P 
than  to  the  center  of  the  earth.  Iherefcrt*  the 
attraction  of  the  moon  Is  greater  at  P  than  at  the 
center  of  the  earth.  The  horlsmtal  and  vertical 
coopomnts  art 


Ni  -  Hi 


*•* 


Sin  8_ 


(1-T) 


la 


-1^ 


•Oft  s' 


ftftft  s^ 


k  «  HftirtMMBlftn  gravitational  ftonstant 

a  «  nftftft  thft  noon 

%  eUmnatliig  r'^  ,  z>  ,  ana  k  in  thft  abovt 

m  B 

•q^atlona*  «•  got 

h*|k^  ^  ftlnaa^.lf^  ^ 

X  sin  2Sg. 


(1-a) 


(1-9) 


S-jf- 

3«  ^  "*3  (“>•*  *11  -  ^  ) 


V  A 

V 


f  \ 


•arth 


(1-10) 

Moon 


Plgurft  1*4 

Salivation  of  tho  ttOal  iffaftt 
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WlMM 

R  >■  avnwjBt  earth  radluB 
M  «  MSS  or  sa2»th 

The  equations  for  the  tidal  effeetu  of  the  sun  sue 
siiollsur*  for  ssluss  of  *  333«t00, 

“  1/6Cb  and  a/r^  «  l/23«300«  the  maKtaum 
aecelsratiomi  of  tlie  sun  and  the  noon  az*s 

■  ii.aio,«ki  **  ''■■arsfeiOT  * 

**•  *  ^  ‘  g.&.(Xlo  * 

Defiling  a  gal  equal  to  the  aeoelerstlcm  of  one 
eontioeter  per  second  squared «  the  uax-lroun  cxrrora 
due  to  the  B\m  ami  nioon  ai^e  only  0,11  ncal  (l  WQal 
»  10  ijal)  and  C,Qi>  ragal,  respectively.  Since  these 
are  well  within  tlxe  x'curucleB  expected  in  the  proposed 
gravity  weaaurlnc  device,  they  will  be  disregarded,  for 
land-based  grarLoietrlc  measurensnts,  where  accurscies 
of  ,1  Qgal  sz'e  expected,  they  cannot  be  dlnrecarded 
without  further  consideration. 

Since  the  value  of  gravity  of  Intex'ost  io  that 
at  the  surface  of  the  earth,  Uie  gei^d,  ecKne  mthod 
Mist  be  considered  for  eorreeting  gravity  laeasureaents 
made  in  an  aircraft  to  sea  level  values.  Zf  we  consider 
only  the  nain  term  of  gravity,  g,  we  (detain  the  fellow- 
ing  value  for  gravity  at  sea  level: 
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(l-u) 


The  gravity  g  at  point  P,  a  dlatanet  h  abova  P^  « 
la  otfual  to 


(R  +  h)' 


icM 


(1  - 


2  J  + 


3^ 

BT 


^  {1 


...) 


(1-12) 


Thus  th«  fra«  air  raduotlon  g^  -  g,  or 

6f-ilo-6-2~^  h(l-| 


(1-13) 


where  g^  and  xi^  are  the  average  valuea  for  gravity  and 
earth  radlua.  For  altitudea  below  0000  feet«  the 
aeoond  term  of  the  expreaolon  for  can  be  diaregarded 
with  errora  leaa  than  0*3  ngal«  in  which  caae« 
gf  -  0.09406  h  tacal 

where  h  la  the  hel^t  above  the  geold  in  feet.  For 
more  aeeurate  eorreotlona^  and  eorreotiona  at  higher 
altltudee^ 

8^  -  0.09406  h  (1  -  20;:^  153  ♦  •••) 

-  0.09406  h  (1  -  T.IT  X  10*^  h  ♦ 

-  0,09406  h  -  6,75  X  10*^  ogal  (1-14) 

f 

At  an  altitude  of  lo«ooo  feet«  whMpe  It  la  propeaed 
In  thia  theala  to  do  the  gravl^  MaiumNintaD  the 
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•XTor  dun  to  oadttlng  th»  torn  it 

-  6.75  X  10“5  X  (10,000)®  »  -  .675  ««*1 

This  trrer  of  2/3  lugtl  it  larst  tnoumh  to  that  tht 
approacimtion  uted  by  previous  authors  (6,26)  that 
tha  h®  ttrm  may  be  ditrtgardtd  it  not  valid  tw  this 
thesis. 
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CHAPTER  2 

ft  METHOO  TO  MEASaRE  flRAVmr  AT  SKA  FROM  A  M0V2l»a  BAEK 


An  aircraft  flying;  ^.t  approacimately  10«000  t—t 
carrying  a  atabilisad  platfoans  which  is  Schuler  tuned 
will  be  the  method  ueed  herein  to  tren^^ort  the  gravity 
meaeuring  devlee.  Thie  gravity  eeaeuring  device  will 
be  cither  a  PIOA  or  FIFA  with  its  input  axle  alcung  the 
reference  vertical  ae  estabUehed  and  maintained  the 
etabilised  platfonn.  The  Schuler  tuning  will  practically 
eliminate  the  effects  of  horisontal  acceleratione  which 
contrilute  heavily  to  the  errozra  in  chipbomc  gravl* 
metxy  techniquea*  The  only  errore  in  this  arrangement 
due  to  hralsimtal  acceleratione  will  be  caueed  by  the 
eyeteiB'e  inability  to  maintain  the  vertical  exactly* 

During  the  maaaiumnent  period,  the  aircraf^b  will  be 
flown  under  the  moat  ideal  condittena  poeaible*  That  ia, 
it  will  be  (grating  on  autopilot  at  a  eonatant  power 
setting  and  with  no  center  of  gravity  shifting  (poraon* 
nel  or  otherwise).  Over  the  surf  see  of  the  water, 
turbulenee  due  to  convection  will  bo  negligible* 

Momenta  dua  to  wind  ahoar  will  ba  tha  only  degrading 
factor,  and  this  will  be  negligible  under  ideal  weather 


17 


conUtiout*  Angr  Mndom  aeo«X«rfttiosis«  •lth»r  vwrtiMl 
or  horlsontdl.«  oueh  as  thoM  duo  to  atoioophorlo  turbu* 
lonoG#  will  bo  of  siiort  duration*>«oll  uzidor  thlr^ 
oecondo.  Thooo  Mill  avermflo  to  zero  ovor  u  four  or 
five  Qlnuto  porlod^  if  tlic  Schuler  tuned  vertioal  lo 
undanped.  Thua»  the  effects  of  randon  acceXoratlons 
on  the  gravlneter  are  net  negllfiElble,  but  will  airerago 
to  zero  over  a  five  minute  period. 

Znotoad  of  ufilng  oagnotlo  field  Information  for 
a  heading  refereneot  and  a  baroasitrie  pressure 
referenee  for  altitude  hold  as  liqiwts  to  tho  autonatic 
pllota  MS  Will  use  bettrr  infortoatlon  wldch  1b  avail¬ 
able.  This  inforrrat.lon  conies  from  the  otablllzod 
reference  In  the  case  of  heading  Information,  and  from 
j  radar  or  laser  tltlmetor  In  the  eaee  of  altitude 
Infomatlon.  This  heading  referenee  also  provides 
greater  accuracy'  in  position  determination,  therebgr 
Increasing  our  overall  accuraejr  In  gravltQr  meaeure- 
BMint.  This  Is  discussed  in  detail  In  Chapter  3* 

An  aircraft  operating  on  autopilot  will  exporlenee 
short  period  oscillations  both  laterally  and  lengl- 
tudinally.  Ttm'  period  of  theee  oeeillatlons  is  lees 
than  thirty  eeeonde.  inteee  short  period  notions 
present  no  problems,  as  their  effeete  on  aircraft 
position  and  altitude  average  to  sero  over  a  four  to 
six  olmte  spaa  of  time.  There  is  one  oeolllation  in 
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pitch  which  has  a  parlsd  of  approKtuatoly  ont  lalnute. 

T^ds  ftCHKsalled  phu^old  ir.odo  presants  a  p^blem,  slnct 
tha  altltud*  change  of  the  aircraft  rmy  vary  ts  to  tlO 
feeti  depending  on  the  partloular  aircraft  and  airspeed 
involved.  Since  there  is  a  direst  relationship  between 
the  error  in  altitude  and  the  error  in  gravity  neaaure* 
Dent  (lO  feet  corresponds  to  1  ngal)*  aooe  tethod  to 
correct  for  the  change  in  altitude  and  tine  vertical 
accelerations  siuct  be  determined. 

ihe  simplest  method  to  correct  for  vertical 
acceleration  would  be  to  average  ths  reading  over  the 
Tie  invax^tTient  period.  However#  if  the  measTirement  period 
begina  and  ends  at  different  phases  of  the  oscillation# 
thla  averasa  will  bo  Incorrect.  For  instance#  suppose 
the  measursment  period  begins  and  ends  aa  shown  in 
Figure  2*1#  part  A;  the  average  will  not  be  aero.  If# 
on  the  other  hand#  we  adjust  our  aeaauring  period  to 
integral  valuta  of  tha  oscillation  period#  the  average 
effects  (acceleration  and  position)  of  the  oaoillation 
will  be  sero*  This  la  shown  in  Figure  2-1#  part  B. 

If  the  average  value  of  gravity  is  deaix>ed#  this  would 
be  oTic  method  of  nulling  the  effects  of  the  changes 
in  altitude.  Ths  msthed  seetts  sinpls#  but  BSddng  it 
operational  is  mors  difficult.  The  problem  of  plnpelntlag 
the  beginning  (or  any  phase)  of  the  oscillation  pjpssents 
the  difficulty.  If  ws  knowr  this#  we  cun  adjust  our 
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MMSunmtnt  begins  Nuuncpcntnt  •nAs 


t 


Plguro  2-1 

FteaGiireoent  of  Phugold  Period 
Eieaaurins  cycle  to  cover  integral  periodo  of  tne 
oociUatlon.  Thic  typo  of  longitudinal  aircraft 
oftoiUatlon  is  approKlaately  sinusoidal.  iTsing  this 
fact  and  an  aoeurate  altimeter,  the  crossings  of  the 
reference  altitude  hy  the  aircraft  can  be  detersdned 
most  accurately*  This  accuracy  is  limited  only  by 
the  altimeter  accuracy*  A  device  called  the  l^so-' 
meter  can  detemlne  altitude  iflth  an  accuracy  of 
feet*  This  device  \useo  baroaetno  prssmzre  and  the 
boiling  point  of  toluene  to  attain  this  accuracy*  A 
still  more  acourate  Indication  of  altitude  can  be 
obtained  through  the  use  of  a  laser*  l!he  ability  of 
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lanr  to  tranaadt  a  very  narrow  bean  (approoclaetely 

1  sillllradian}  (11)  ponolts  it  to  achieve  greater 

aoouraojr  than  radar*  Altitude  aoeuraey  to  within 

t  1  foot*  ean  bo  obtained  threugh  the  uee  laeer* 

nie  averaging  teohnlque  over  an  Integral  nuMber 

of  oeelllatlon  periods  can  be  neehanlzed  aa  folXoMii 

begin  the  neaeureiaante  ae  the  aircraft  paMee  throulrih 

the  reference  altitude*  End  the  eeaaureoint  period  at 

a  prodetersdned*  even  madbor  of  oaroeeinga  la  tor*  Altor* 

nately^  wc  could  begin  the  Bsaaurenants  the  sans  as 

boforof  and  ond  thee,  by  aanaing  a  eroeaing  in  the  sane 

direction  as  the  crossing  at  the  beginning*  after  a 

tine  predicted  by  the  nusber  of  periods  we  desire  to 

average  over*  If  we  want  to  average  the  gravity  over 

a  speeified  surface  length*  a  restriction  will  be 

placed  an  the  nunber  of  intogral  cycles  of  pitch 

oscillations  which  we  avnrag»  over*  Adjustaent  of 

airspesd  and  portiaps  selection  of  aircraft  (for  both 

airspeed  and  pfaugoidnl  node  periods)  can  be  used  to 

Qvercene  these  restrlctionB* 

Xf  *  instead  of  wanting  an  average  over  a  five 

Bdmite  interval*  we  want  to  know  the  avemgo  vame  of 

gravity  over  a  one  sdnute  period*  rendon  offsets  will 

not  average  te  aero.  Aeeune  for  the  nsnent  Idwt  eur 

stabilising  eyeten  can  naintoin  the  vertical  with  no 

*Aeewa<^  eotiintod  by  lip*  Beioglon»y  of  the  Xnstrunente* 
tien  Xaberatcry* 
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•rvor  St  *11  tlMSi  and  we  ean  tetendne  wtt  altitude 
to  within  one  foot.  On  thle  etahlllaed  platfoww  we 
plaoe  an  aeoeleroiaeter  oapahle  of  wMeurljag  apeelfle 
foroe  to  within  10*^  g  (1  ngel).  Xf  we  Icnow  our 
poeltlon  within  one-half  adLle«  and  the  vertloal 
aeoeleraUon  within  one  foot  per  second  squared  at 
all  tlwes«  we  can  get  a  Beaaurewent  of  grantjr 
aoourate  to  within  two  or  three  agals.  All  these  Ifs 
and  assuapti/ons  are  loposslhle  to  transforw  into  hard¬ 
ware.  The  aeevmoar  of  maintaining  the  vertical  is  not 
the  big  problem  here«  nor  Is  the  altimeter  aoouraoy. 

The  best  aocurecir  attainable  In  navigation  is  dlsouased 
In  another  section  of  this  chapter.  While  this  a(H)ect 
certainly  Is  a  degrading  factor  to  our  overall  accur- 
a<^«  It  does  not  present  the  obstacles  that  the 
requirement  for  continuous  vertical  aeoeleratlon  does. 

Short  period  averages  of  gravity  readings  are 
more  desirable  than  the  five  minute  averages^  howevert 
the  necessity  for  vertical  aeoeleratlon  infcmatlon 
makes  this  technique  impossible  at  present,  A  double 
dlfferenUatlon  of  altitude  Information  from  a  radar 
altimeter  la  extremely  dlffleult*  If  not  impossible. 

The  noise  cannot  be  aeparated  frew  the  surfaee  return 
of  thla  equlpeont  to  permit  dlfferenUatlon.  laser 
poslUon  infomstion  cannot  be  differentiated  either^ 
slnee  It  is  s  dlseontinucus  prossss.  Xassr  transsdts 
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a  pulM  evtiT  flvtp  Moonds  whdn  U0«d  In  altliaeiiir* 

On  tba  basla  of  this  oonsldoritlon^  this  thssls  will 
bs  c<KDMmt<l  only  with  tho  avsraging  of  msasupsasnts 
mads  of  an  Intsgral  nuBitsr  of  phusoldal  periods* 

To  define  gravity,  einee  it  is  a  vector  <|uaatity, 
we  mat  apeeify  both  magnitude  and  direction.  Zf  we  wwre 
to  measure  specific  force  along  a  Ucie  maintainsd 
perpendicular  to  the  geoid  and  were  able  to  correct 
for  all  non-gravlty-field  forces,  the  result  would 
be  the  nagnltxide  of  the  gravity  vector.  Zf  such  an 
intensity  is  measured  at  a  height  above  the  gecld, 
and  oonpared  with  the  intensity  at  the  aame  point  on 
the  reference  ellipsoid,  the  differenoe  is  called  the 
"free  air  gravity  anonaly".  Zf  these  free  air  anoaaliee 
are  detersdned  over  a  large  ares,  then  the  "deflections 
of  the  vertieal"  can  be  eeoputed.  The  deflection  of 
the  vertiosl  is  the  angle  between  the  nenaal  to  the 
geoid  (leeal  vertieal),  and  the  nemal  to  the  rsferenee 
ellipeeid.  The  value  of  this  angle  averages  under 
fifteen  seeends  over  a  oomtinental  land  mass,  and  is 
asaumad  te  be  near  this  over  the  eoeana.  This  seams 
to  be  a  valid  ssauBgtiosi  einee  the  geoid  and  referenee 
ellipsoid  are  nearly  parallel  in  meet  eases.  However# 
there  are  ocean  deeps  wtiare  the  defleetion  of  the 
vertieal  it  knewi  to  be  in  eoceeaa  of  one  miiaite. 

Sinee  the  deflection  of  the  vertieal  ean  be  eem* 
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put«d  It  m  know  ttw  tvm  air  mvity  anoMljr*  m  will 
mmmam  only  th«  lattor* 

!ro  OttomlJiA  ttw  reformoM  srarlty  BwgnltudM  «» 
a  funetlCKR  of  latltudo,  tht  Intonwtlcnwl  gravity 
fomulft  (adi^tod  In  1930)  is  uMd. 

**«*(!  -ealn*  2X^  )  (2-1) 

whtro 

»  gctogr«]>hlc  latitudo 
g0  »  Intonalty  of  gravity  at  tha  aquator 
i<978*049  gala 
gal  «  1  esv^aao^ 

(?  »  0.0052684 

e»  0.0000059  at  aurfaoa  of  rafaranea  allipaold 

Fron  thlB  a<p»ation«  ona  aaaa  that  tha  rafaranoa 
gravity  fiald  laqfaaaatnoal  about  ttaa  aarth-s  polar 
axla.  Yha  Intanalty  rangaa  fron  978.049  gala  at  ttaa 
equator  to  983*05^^  gala  at  ttaa  polaa«  and  aaata  parmllal 
of  latitude  rapreaanta  a  oonatant  valua  of  gravity 
intanalty  on  ttaa  rafaranea  allipaold.  Wllnotta  (26) 
abavB  that  eurvatura  of  ttaa  nemala  to  ttaa  rafaranea 
aurfaoa  la  nagllglbla«  partlaularly  at  the  altltudaa 
at  ifhlob  thla  ayatan  will  oparata.  Ua  alao  darlvaa 
the  following  axpraaalon  for  ttaa  rafaranea  gravity 
field  Intanalty  aa  u  funetlon  of  taalgtat  (in  foot). 


a4 

(V  »  (1  +  10"^  5»2688  -  5.9  »ln*  21^ 

-  0.0963  h  I  )  (2-8) 

where 

0^  m  referanoe  gs^vlty  as  a  funetion  of  \  t 
and  h 

h  «  altitude  in  feet  above  referezMMi  mirfaee  (••oidi). 

In  order  to  find  the  free  air  gravitgr  anoeely  only# 
ee  met  know  1^  and  h  to  deternine  reference  gravity 
intenelty  aikl  the  ra^nitude  of  the  earth's  gravity 
vector  at  that  point.  Proai  this  intensity  ancMSly# 
wo  car.  by  Sties'  fomula  deteretne  the  i^pe  of  the 
0eeid  and/or  the  deflecUon  of  the  vertical.  At  this 
rx»int  there  renaine  the  problem  of  determining  the 
actual  gravity  intensity  with  ths  required  ts  to  4 
meal  aeoureey. 

One  of  ths  most  eritleal  re<yiirenents  plaoed  on 
a  system  whieh  neaaures  only  the  intensity  of  the 
gravity  field  vector  is  ths  maintensnes  of  an  sppre* 
priate  referonos.  Our  problem  is  somewhat  siiqplifled 
by  the  existenoe  of  systems  whieh  oan  msintaln  a 
referenoe  vertioal  to  within  very  oleee  toleranses. 
Actually#  enrare  up  to  five  mliiutes  in  the  vertieal 
will  result  in  erroneous  gravity  readings  to  the 
extent  of  t  1  mgal.  Present  systems  oan  maintain  the 
vertieal  to  at  least  within  SSJK  ef  this  figure.  Actual 
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cyatem  iiOourael«e  will  b«  dlsoussad  lut«r» 

Malntalnlns  ptopttv  oicientatlon  «f  a  vttfttxwmee 
coordinate  fraae  in  a  vohlele  oovlnK  above  the  mirfaee 
of  the  eax*th  1b  no  easy  propoeltlon.  Firsts  we  oust 
look  at  what  we*rc  atief^tlnc  to  use  the  XHSferenee  for* 

A  reference  that  keope  om  axis  norwil  to  the  geeld 
Iti  the  pnne  re^[ulalte.  Thle  1»  prlaary  beoause  we 
arc  attes^tlng  to  nteamire  epeelfle  foroe  along  this 
<ccia*  ProtQ  these  duta^  acctirato  detezednation  of  the 
free  ^Ir  gravity  anoiuly  cm  be  laade.  Ac  a  secondary 
requlronent^  It  in  desired  tliAt  a  rellabla  hooding 
reference  be  maint^ilmd  for  an  autc^lot  Input* 

These  two  ro<iuiren)ents  indioate  that  tho  Ideal 
refuiNinca  coordinate  ayntem  In  this  case  would  be  a 
local  geographic  frasic.  Toe  Z  axis  of  tills  systen  Is 
wtloivi  the  nomal  to  tlie  referenoe  elUpsold  and  the  X 
axle  is  In  the  nerldlan  plane*  This  orlentutlonj  If 
maintained  constant,  would  provide  proper  positioning 
of  our  foroe  sensor,  and  also  the  desired  heading 
referenoe. 

While  the  geographic  fraat  amlntalnB  Its  position 
oenstont  with  respect  to  the  earth  (that  iSf  the  three 
axes  point  to  north,  east,  and  down  oontinuoualy),  it  Is 
i>ever  stationary  with  respect  to  InortiaX  ^moo.  This 
action  is  diM  to  both  tho  rotation  of  tho  earth,  and  any 
translation  of  the  reforeneo  frame  ognr  the  surfaoo 
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of  thft  •arth, 

foraulation  of  hit  lavt  of  ntehanlet  it 
Ixitad  cm  inortial  tpaoe*  Ikt  iiqplicitly  ciofinea  imx^ 
tial  spaeo  aa  any  coordinate  fraaw  in  wh5.ch  tha  aeotiar* 
ation  of  a  particlo  la  pz'oporticmal  to  the  not  forot 
aotlns  on  it.  9w  inatiuioo^  if  a  point  naaa  mv 
Buapended  in  thin  rofertnoo  apace,  the  foroe  trtiioh  it 
i<oaiu  exert  on  itc  auppori  eepaaia  the  vactor  'jun  of 
the  gravitational  forcea,  and  tht  iimrtial  reaction 
fetreeo  acting  on  the  uios*  £ael  of  these  inertial 
reaction  forcet  in  tlie  negative  of  the  product  of  the 
naas,  and  a  parllwular  aooeleratlon  auatained  tuth 
reapect  to  inex*t5.al  apaoe. 

She  gravitational  foroea  e^riencecl  by  u  naaa 
near  the  eartli  at  a  swault  of  the  awon  and  auii  are  leaa 
than  10*^  tinea  the  foroe  due  to  the  earth's  preaenoe. 
Our  Beaauring  device  la  not  aenaitive  to  forcoe  of  this 
nagnltude.  Hanee.  the  gravitational  pull  of  the  aun  and 
noon  aa  ahown  in  Chapter  1  can  he  neglected  in  thla 
thocla,  aa  can  any  foroea  exerted  hy  aiqr  other  hodlea 
in  the  aolar  aysten.  Thua,  the  aceuraoy  required 
greatly  aiuplifies  tl^  problem  of  aeasurjng  the  inten^ 
altgr  of  the  earth'a  gravity  field,  7or  now,  if  tie  can 
orient  the  neaaurement  axia  norml  to  geoid  inetead 
of  toward  the  eenter  of  the  earth,  we  can  find  the 
inteaaitv  of  the  gravity  fieldj  providing,  of  eouree. 
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«•  <Mm  4«t«ndm  all  th»  intrUal  rtaetlon  fogptM* 

l«l  -  l»lt  -  1*1,  "  I'lg  -  Wt  -  Wr 

■  |g|- Bl^lg  -  Billy  (2-3) 

vterc 

|g  I  «  Mgnltiirtff  of  Marth'o  grovllgr  flol4 
I  •  •  mgmtudo  of  total  aeoolorotlon 

I  a  «■  Bagnitudo  of  roaotlon  aaooloration 

Tho  ■oasttroBont  of  gravity  intonoi^  through  tho 
UM  of  a  otahlliflod  platfoaot  to  aaintaln  tho  vortloal 
iMPoaonta  out  ouf  tandtng  prohloa  to  any  aoooptahlo 
•ehooi.  Thla  prohlon  io  oauood  Iqr  tho  uoo  of  aeoolor- 
onotora  to  oaintaln  tho  roguirod  vortioal  Indioatlon, 

Zn  othor  wordo*  tho  gMVlty  fiold  la  hoing  utilisod 
aa  a  rafaranoo  for  tho  oalntonanoo  of  a  vortloal  along 
ahloh  wo  hopo  to  Baaouro  tha  aotual  gravity  fiold 
IntaBalty.  T)ila  aooaw  llha  an  tapoaalblo  altuatlon* 
HoroBvar«  alnoo  wa  aro  only  intoraatod  in  aognltiido 
(and  not  dlraotlon)  of  gravity*  a  aolutlon  la  raalia- 
ahlo, 

Tha  ostonaivo  uaa  of  aooolorawatora  in  tho  prObloa 
aoluUon  ragirt  rai  a  trlof  dlaauaalon  of  tho  ogoratlan 
prlneiploa  of  a  llnoar  aaooloranotor*  Naat  praaoat 
aooalaronotora  oontaln  a  auapondod  oaaa  with  fraadaw 
of  watlon  along  ona  ada  (input  axla).  Tha  Batlan  of 
auah  a  doviao  la  dotarwliiad  hy  tho  aini  of  tho  gravlta* 
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tioml  and  Inertial  roaotlon  force*  acting  along  ^ 

Ijiyut  axle. 

Thua  the  output  of  auoh  a  linear  aocelerooeter 
la  proportional  to  che  component  of  total  apeoifie 
force  along  Ita  lr4mt  axis.  Such  derieea  will  be 
uaed  not  only  to  determine  opeeifie  forcea  along  the 
three  axes  of  the  reference  coordinate  fraiae  (gtographie)^ 
but  will  aleo  be  used  to  generate  correction  signals  to 
maintain  orientation  of  the  referenee  frame. 


Perforaanof  at  ^*«^leronetere 


ia 


K  -  B  (^p^)caae  “e  ^®Be) 


4-  other  terns  due  to  the  gravita¬ 
tional  fields  of  ths  sun  and 
moon  (tbss*  terms  ore  negligible 
for  the  purposes  of  this  thssis) 

(2-4) 


Mherv 


«  the  mass  of  ttm  seisudc  element 
(-}2  "■  the  seeond  time  derivative  with  respeot 
to  inertial  spsee 

I 

('*}  X  the  first  tias  derivative  with  r’espoct  to 
ea 

a  muae  fixed  within  the  instnseent  eaee 
X  Coqponeiit  of  the  veetor  along  the  input 
axis  of  the  aeeeleroaeter 
K  X  the  elastic  restraint  ooeffieient 
a  m  ths  dsnping  coeffloient 

X  ths  gravitational  field  at  (e)  the  center 
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«r  tiMi  MiSHlo  •!— int  9m  W  tte  fMvite* 

%lMMl  fltld  of  tiM  MUPth 

TMM  f&flMW  a»2 

•  Mg,  ♦  R,g  (2-5) 

irtwM 

Rj^  ■  •  diiplaoeMnt  VMtar  of  point  F  Mlatlvo  to 
«rt>ltrary  point  in  tho  inortial  roforonoo 

fmat 

Ttao  lotoitl  tiao  dorlvatioo  of  2qo»tlon  (2-5) 
rtlativo  to  tho  Inortial  fnaa  and  ito  rooolution 
rolatito  to  a  frana  finad  in  tha  aaoolaroBMtor  oontorad 
at  point  F  gioM 

1  j  *  i  ^  ^  ^  ®Xoa  *  ^®Iaa  *  *Pa^ 

♦  **i».  *  |A»L  ♦  I  ^••L  * "».  <*-®> 

aa  IX 

wliaro 

^Zoa  **  ^  anpilar  volooltar  of  tha  axia  of  tho 
aaaa  rolativo  to  inortial  H»aao« 
Subatitutinc  thia  aquation  into  Equation  (2-4)  gifoa 

.®Eo  “  ^^EfJi  •  ^fm  e*  ♦  Si  I  ^Fa  »«  ♦  ^Fo 

*  .®Xaa  *  ^*Xaa  *  ^Fo),  ia 

(2-7) 

niia  aquation  aan  bo  furthor  alnplifiod  through 
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ralicL  rcsr  the  spsedLfie  s«hssK»  vmkgiB), 
K  can  bo  aosuued  (or  la£>se  «nou|^  so  that  Its 


ftrequono^  la  moh  hlghss*  (30-50  c^olss 
pex'  cQaood)  thaci  on^r  ootlm  of  the  oirexaft.  flicapo* 
fore^  InstnsMmt  uymmlos  taay  be  neglootod.  Xn  the 
syctesa  usider  oeoyEtderution#  "^xes  ^  neeXiglbls 
sinoo  base  Botion  Ic  isolated  through  the  use  of 
glisibais.  First  and  ooe<»ifl  time  derivativos  ot  ^ 
are  aosuned  negUf^lblo  in  ccoparlson  ulth  The 

last  o<;piation  therefore  reduces  to  the  folloffing 
eaqtrosalosit 


[flgp  -(Hgp)^  j  ^  ^ 

(Since  ^  ^  '  ®SP  " 


^Qtu0,  the  spoeific  fcrce  along  the  ligrut  luae  of  the 
acoeleroBoter  is  equal  to  &  constant  factor.^  multiplied 
by  the  displaecaemt  of  the  cletDOixt  along  the  input 
axis* 

If  the  aeoolercauotor  la  to  ^nerats  an  output 
sitpul  proportional  to  «ha  speoiflo  force  oxperlenoed 
along  its  input  a?:is,  the  output  ac  a  voltage  nay  be 

mdtten  as  foUoirci 


^out  *”  ^  ^^)ia  BNtasurwaent  unoertal.n<d:es 
ulitre  "  cpeeiflo  foroe  along  the  input  axis 


Figure  2-2 

Vector  Presentation  Relating  a  Linear 
Accelerometer  to  a  Geocentric  Inertial  Reference  Frame 
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i 


(8-9) 


Aagr  iihl«h  wms  >o— Itr— ittw  to  8«v»l«p 

•ngttlw  HfTiatiopg  to  ttio  vortlMa  Miot  otaopt  fMai 
acaao  voforonao  pooltion  andi  to  ilntalwad  naar  moo 
tofoginoa  pooltion  In  oodor  to  porfonB  pvoporly. 


ao  pooaltlo  aa  initial  oonditiona.  Tho  pgoblaai  thon 
taacwaa  ono  of  oalntalrUng  tho  vofovoaoo  aa  aoaaratoljr 
aa  poaaiblo  ao  that  aoall  doviationa  in  vartioal  oan 
bo  traekad  prooiaoly  with  tha  aoaaoatiop  anglaa  panar- 
atad  by  tha  aaoaloroaotora*  Thia  taak  ia  parfonNd 
through  tha  uao  of  gyroa.  Tha  baaio  oapabllitiaa  and 
oharaatoriatioa  of  gyroa  ara  wall  dowaaantad#  and  will 
not  ba  diaouaaod  in  thia  thaaia,  Tha  abilitgr  of  praaont 
day  gyroa  to  aaintain  a  fiaad  rafaranoo  with  raapoot 
to  inartial  ^paoo  and  with  wary  low  drift  rataa  aaka 
tha  inatruaant  tha  baaie  piaoo  of  hardwara  in  any 
inartially  raforanaad  ^ratoau 

Tha  raquiroBMnt  plaood  on  tha  ayatM  ia  that  it 
aaintain  a  thraa-diaanaional  aoordinato  fraaa  for 
traolKlng  tha  wartical  whilo  aaviag  erar  tha  allip* 

•otdal  aitrfbao  of  tha  rotaUag  aarth,  Xf  thrao  aoaal* 
irBaia>ara  ara  plaood  with  thair  input  axpo  along  tha 
inotvuaaiitod  axia  of  a  gao«Kphla  aaordlnato  fraaa# 
and  tha  input  aapo  of  thrao  ■li^;lo»dograa  af-fnaiaa 
intagriting  gyroa  ara  ainilarly  looatod,  tha  platfoni 
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•an  aaiwtnlmd  in  ita  teMI  pmLiAm  thwmgh 
papcpay  g1i*aninii  Ttmn  th»  pprtlw  is  %•  liwpnls 
aufessnttssli  sntf  MnliaM0Hs2y**%lMi  votfiHLut  vsiMi%|f 
•MMsnd  tot  tlis  itavss  gft9B  ss  itelp#  snss 

allgnsd^  tbs  instmasmtsd  asssdtnstss  slMqrs  tssd  to 
coinsitfo  mtb  tbs  loaai  tsopnphts  soswlinatss  (29)* 

Soo  Ficuopo  8<»3  ftr  sehsaatio  41s0NUi  for  snsb  a  thsoo- 
axis  stsMLlisntion  ar*tsa. 

As  statsd  taf«so«  ttao  x  sadi  y  ■••slsrcsatsys  aso 
vuBod  to  dotsnlas  fuantitlos#  slilA#  sbsn  thsgr  svo  «sii- 
vortod  to  awgilar  vatos#  son  bo  applios  as  osonootlons 
to  tho  inlloatod  vortioal  about  tbo  j  and  z  aaos« 
sofqsootioolj.  ftinoo  tbo  isdioatod  mm  aso  ransly 
■iTlgnod  sltb  tbs  piopiphln  rsfOysnss  fsaas*  tbo  x  anS 
y  axis  aoooloooastsgro  (wjporl.insis  spool  fio  ibooss  wblob 
hoot  oMpsMWts  alsof  tbs  ssibsowss  osrtioal,  SImmi# 
in  oodso  to  osavnts  tbs  total  ipssiflo  fooco  along  tbo 
gsogvaphio  osrtioal#  ttao  oosrtioal  ipsg  snouts  odT  tbo 
valttss  aoasod  br  ttao  x  and  y  aisslOfonstsTW  Hast  bo 
addod  to  owtioal  sssiponont  oaqportsnsod  by  tbo  t  axis 


oospswont  along  tbs  indioatod  s  axis  is  dosiood  bgr 
.itpsimgsy  ($)«  fSio  indioatsd  s  axis  is  tbo  aotna 
mtioal  axis  of  a  vntisal  inlioattiig  britwb  and  is 
nstntslnsd  pwRlIol  to  tbs  ontiosl  as 


3^^ 

aooimt*ay  as  poaaibla.  Kadatlng  igrattM  can  MMp  lAm 
allpaant  within  thlrtjr  awaonlw  af  aM«  and  poMlbljr  ta 
avan  cXoaar  talaraneaa,  Tha  prlaaay  latavaat  hawa  la 
tha  ^paallla  iTaraa  eaaponaat  in  tha  a  dlaaatlan  af  tha 
•Msvanhla  vafavanoa  fraot*  Tha  alaaaat  infaaaatKm 
to  thla  la  tha  a  oowponant  of  i^aalfla  faaoa  in  tha 
indlaatad  giographio  fraaa.  for  thla  raaaoiu  tha 
following  axproaaion  for  thla  ooaponont  In  tha  ladloatad 
fmaa  la  giwan  aa: 

(8F)^  -  -  (SF)^  Bin  Cy  ♦  j^(if  aoa  Cy  j  aln  C» 

♦  ^(af)g^  000  Cy  j  oaa  ^  (2-10) 

whore 

(Sf )-  •  total  q^oalflo  foroo  along  tha  indioatad 

*1 

vortical 

(w),  -  -  St  [iv  *‘xr  0—  ^  I  “•  ®«J 

-  r  2Wq  ■¥  I  coo  -  0||  j  Bin 

«W),,  -  V,  -  W  \J  -  *») 

-  _«IE  ♦/]  Sf  cos  (X||  -  0||}j 


Figure  2-3 

Three-axis  Stabilized  Platform 
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C  oJii 

jT 


correct! oiiB  to  the  Iraaicated  vertical 


-bouw  tlic  X  and  y  oacb,  rcb.  sctively 
Clnce  the  actual  ^iravlty  nocnoal  to  tlic  geold  denms 
tiie  aetronoBiic  vertical,  and  the  geograplUc  vertical  Is 
noTEUl  to  the  refexx^nce  surface,  only  the  deflection 
of  the  vertical  separatee  the  vertical  wc  need  from 
the  geogniphlc  vertical.  3o,  in  order  to  put  the 
above  results  Into  a  store  wox^cable  fom,  the  uagnl> 
tudes  of  the  ooaq;>onents  of  gravity  along  the  geographic 


veirtlcal  will  be  tranaforaed  into  the  astronanlo  fnuM. 


Further  slwplifieatlon  la  poaalble  through  the  arnll 
angle  aaaunptlon.  By  aaoustlng  maintenance  of  the 
veirtlcal  to  within  30  cecoanda  of  are. 


008  «  ooa  Cy  »  1 

Bln  C„  «  C„ 


am  cy  »  Cy 
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SUM  Vtm  StflMUon  of  tlit  vortlMl  omiaM  trm 
23-30  iiiinnili.  anA  tlio  larfMt  )nmm  doflootion  is 
oppwliSoly  mm  ■Lxaito#  ttm  msU  onflo  &awstHn 
son  agiltt  ko  m4o«  TtmrUw, 


*  g  (2-X2) 

*g 

Htera 

Cy  and  I>f  m  daifltatiaaa  of  tho  vovtloal  about 
X  y 

ttoa  X  and  y  aaas  vaapootUraly. 
SUiplifyUHt  Eguatiaii  (2-10)  flvat  Iqr  tbo  ralatlon  of 
Expiation  (S*ll)  vaaulta  in 

(Sf),^  .  -  (SF)*^  Cy  +  (8f  Cjt  +  (SF),^  (2-23) 

Ii8ir«  naklag  tte  subotittitiaaa  ahoim  in  Bqoation  (2-12)« 
a  final  aaFtoatlao  for  (SF),^  la  aa  fbUoMst 

(iF)^  -  •  (X  -  iV^  -  <V  Wy)  ♦  Rif 

X  (1  c^)  2Z^  ^  (am  9^)  (1  *  v> 

♦  ®*r  <••• 

+  '*„(oo.Ji||)  (1- 
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X  (am  D||)  (1  +  C^)  -  Du  Rjp  (iln  Djj)  (l  +  C^) 

•  ^  (ooe  D||)  (l  «  <^)  Rgjp  (iMM  D||) 

X  (1  -  <^)  -[i*sp  (Wb  +j )  •»  (1^  -»,)"•  %j 


X 


z 


X 


(l  -  Cy)  -  Goa  (L^  -  D^)  (Hjp  + 


-  ac^ii»  Wn  ♦  y )  am  (x^  -  D,|) 


(2-XA) 


’«?•  now  taavii  an  axaat  aaqaraaalan  iitaiah  «an  ba 
aolvad  for  ttaa  aftgnlfaala  of  tha  gvavltgr  vaatoor.  Ttm 
aeouraajr  wltli  utalah  aa  oan  find  thia  aalua  la  baaad  on 
tba  aaaaaaair  aC  ttaa  qpaalfla  fapaa  aaiwr#  and  baa  aaU 
«a  know  aar  paalttan#  valoaltgr#  Xangltuda  rata#  latityda 
ffita«  ata*  fhat  la«  aaqr  tarn  itfUali  taaa  an  wnrar  mil 
laflaat  an  anrar  in  ttaa  final  aalua  af  craaltgr*  m 
analgraia  af  ttaaaa  anrara  and  ttaatr  ■utmtaatlqn  ta 
ttaa  oiaaall  aavar  in  g  mil  taa  mwapifahart  in  Ctaagtar  # 
uaing  ttaa  laaolta  af  Gtaaptar  S. 


Tte  teUntmtlan  %te 

m  tte  mrfaoa  of  tte  Mrth  is  of  pvlmxy  lii^wrtoniit, 
nae  Mlutlfloo  to  this  proUMi  aro  oatocarlMd  as 
foUom  (as)} 

1)  Thom  ^rstotafi  whioh  roljr  on  aMSunaonto  of 
tte  aoUon  of  tte  vteiolo  mth  mspoot  to  tte 
BOdlua  In  Mhloh  it  it  tnvoUns*  Asqt  aotleB 
of  tte  aodivoi  mth  vaapoot  to  tte  ouvfaoo  of 
tte  oarth  dcioB»  of  oouroo#  mvm  ovrora. 

2)  Thom  ■ytaaa  adiloh  dotasaiiii  tte  pooition 
thanpiB  of  a  virtiiolo  tagr  aaownring  tte  aoool- 
avatlan  of  ttet  valdolo.  XnarUal  xmwimthm 
ava  of  tldUi  tppo.  Botb  iqrotwa  (X  and  a)  ava 
intavNitlng  qrotoao.  Bat  lo«  oaa  aunt  into* 
gpato  all  aiaiuiaMaata  davlng  fU^  in  opdar 
to  parfOM  a  xiav&«ation  funotion*  An  iatar* 
vuptlan  of  data  oauaaa  omva« 

3)  Gaopovatlta  oyotiwi  la  wldoii  tte  looatUa  of 


a  aakiolo  lo  dototnlaad  aitb  tte  aid  of  ootat* 
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SMMb  ipitii  tkis 


4)  Itm  ■■■itmtly  wr»%wm  in  «lil«h  tbi  liotttn 
is  dnWwtlnod  inr  nbetwrim  4ta»  Mlntifn  mtrm^ 
■mA  nf  «  wfiwnn—  thi  marthkm  ite  mvIIi 

MP  MlMtiAl  iMdiMI*  Ibllfillyj  tllMn  ^fSWMI 

an*  tf  «h»  Intosmtiiig  tgrpn*  bwarmp*  mwi 


(■tt^  «•  ICDOMB  nlmmilaM  •#  particular  ctavs)# 
ttaagr  art  eapaUn  of  iMB»iAt«gratlnB  cpcratiflau 
Xnnplaa  this  tppa  art  rimal  oontaat  navi- 
latan*  oaltatial  aaviiattm«  Xtapplar  radar 
navicatcra#  and  fSCAX  (Pulaa  Bnvalepa  Carrtla- 
tian  Air  Htvisatar).  fha  raOAN  ogratan  nap  bn 
alaaaifind  aa  an  inlnsratijic  tpFV  ^  radar 
annaini  nf  a  rafwnnat  plant  Vhieh  nakna  uan 
of  inforBatlin  ooavnlation,  ratter  than  Oopplar 
frtjntnay  abifta. 

Tte  autteva  teva  dnnidnd  that  tppa  4  teovn  la  boat 
auitnd  for  parftmitu  tte  nonalrad  nlaaian  nilli  mffl- 
tUviit  amufoop.  Vor  tma  raanont  wt  diaanaa  tte 
Mtrita  of  tte  Sappier  navifator  and  tte  fulaa  tevalapa 
CeonmlatUn  Air  Ntvlflatir* 

Xn  an  ati^arna  ^ratan  to  ba  naad  far  naaBiadte  tte 
valnt  of  9nvitp«  four  navipaAianal  apwctitiaa  ant  ba 
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hiMim  at  all  tlaaax 

1}  arouad  ipaad 

2)  Haading 

3)  latstuda 

4)  Lii«ltMte 

Iha  4Mitandiiatlon  of  thaaa  ^oaatltUMi  aan  Im  hwlwn 
into  tM  olaaaaai 

1)  Orthoajd  MaaicPMtnta  hgr  tba  aavitBtlonal 

«blah  dataivini  ttaa  dastvad  qpamtitlaa 
dlvaatl^f  and 

2)  foatfUi^  amlyaia  ta  datandna  on  a 
piHdiablllatlo  baala  an  updatad  fora  of  tiba 
infaraatlon  fran  tha  onboavd  naawiraaanta. 

All  inforaation  gatliarad  liy  ttala  mralra  la  In  tha  tina 
donain.  It  la  tnuafanrad  ta  tha  ai>aaa  draaln  vhan 
raeaidad  thrauih  tha  uaa  of  a  0oad  alaok* 

Vha  piralilin  of  naalcatlan  la  Wat  aalTad  hgr 
aaatrlatliis  tw  flight  to  a  atraUht  Una  (aonatant 
tnia  aavna)  Wtaean  two  knaan  aainta*  mm  la  thla  naa 
aaoai  to  W  an  idaaltaatlan  of  aagr  navlcatlon  pvahlodp 
it  mu  lop»—  Bd  opaimtional  vaatarlatlanap  and  mil 
gMftIfly  aataanaa  tha  paahahUltf  af  datandiiiiis  aaowp* 
ataly  tha  daalfoil  «tMntttlaa* 

Vbm  mrat  prahlan  la  ta  datandna  aaomataly  tha 
taamaal  paifta  af  tha  fli4^  path.  Xt  la  paw— ad  ta 
do  thla  tf  —thw  Mdar  or  Xaaaa  6.  Mnea  aU  fUgh— 
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for  (pmvl»»tno  purpo&es  will  bests  asd  ORfC  reasonabZgr 
soar  shore#  either  of  those  aethods  eas  he  oi^oved. 
Vithln  twentir  ailes  of  a  Isnown  ooestaOi  area#  radar  can 
give  roturss  good  osoush  to  be  considered  free  of  error. 
The  error  should  bo  on  the  order  of  a  fofw  hundred  feet, 
iftien  the  graritor  run  is  not  to  be  started  luitll  out  of 
I'adar  range  or  over  coastal  areas  where  pinpoint  radar 
retux^  are  not  posclhlo#  Loran  C  srost  he  used.  Tills 
gives  an  accuracy  of  500  feet  close  to  the  station# 
awl  15CX)  foot  at  a  range  up  to  1300  nautical  riles 
fron  the  station  (13).  Jtelthor  cf  those  can  give  ac<nsr- 
uto  heading  InfomaUon.  This  mst  he  ohtatned  from  tho 
iyse2?tlal  platfora. 

During  tho  flight,  tho  Inertial  platform  trill  bo 
giving  heading  Infoimaatlon  to  the  autopilot.  Current 
autopilots  can  hold  hcadlnss  to  trlthln  1/4  degree.  The 
Inertial  platforci  t.lll  provide  licadlng  infematlon 
sufficiently  accurate  to  be  considered  free  of  error 
as  compared  with  tsio  1/4  degree  frost  the  autopilot. 

Two  nothods  arc  presented  fro  detorolnlng  tho 

grovttid  opcod  and  drift  angle  during  tho  flight.  The 

first#  I>oppler  radar#  is  a  well-«Btabllshcd  cystaB, 

and  is  capable#  with  taodiflcatlons#  of  giving  an 

accuracy  considered  by  the  authors  to  he  tiithin  th© 

1.  Acoordlns  to  Profossor  VShi taker  of  ^  K,  I.  T, 
ZnstrunsntSMon  Lab<xratcfy|  these  errors  tupe  what  could 
ho  expected  with  state -ceg-uhe-art  auti^llots. 


aafl  !• 


SI|»  fSCiUi«  is  tUU  unAtv 

owMKIswd  tasvs  f«r  fufeurt  sppllsstlSB. 

nit  Ani-68«  a  Ocpplsr  lyitf  Asvtloptd  in  1957 
and  ounsnUiir  ustd  by  tht  Air  9tNt»  it  taptbls 
giving  grtuad  spttd  to  is  kaHu*  and  drift  angls  to 
mttala  .15*  (!}•  foe*  foatral  mvlgatlfln#  thoto  aotnr* 


aoiot  art  soil  within  ths  tolgrafutt  attdtd  to  tatlsfy 
tbo  navigation  problon.  Sovoral  ntthods  art  prottntod 
to  Inprovt  tbo  DopgXtr  aooitraty  far  cmvitatlonal 


At  thown  in  Am^ondlx  B,  Vm  Btpfiltr  tlilft«  f^  , 
la  an  avoragt  valat  for  tht  frtgutnoy  apootnaB  rtotlvtd. 

lb  (balf  powor) 

Noiao 

Proqnenoy 


Flgurt  3*1 

tygioai  Poppior  Sptttnai 

At^  m  ^  tin  A  <r  (3-1) 

lottlngy^  ogtal  tte  wan#  (f^)*  it  it  sAvaatagitw  to 
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•xmidat  tlii  rtawt  »•  BiMi. 


fltturt  5-2 

DopplMT  OtOMtSy 

«  Ax  -/O**  p  (»)  ^ 

-a) 

«h«c« 

«  r  th  Bonnat  about  tha  Baan 

^  T 

X  »  a  vanlaB  wlabZa 

p(x)  -  prababllltar  tum^g  tba  valua  x 
BHca  la  abrloualy  aasw>#  a**^  ^ 

varlanaa  [o'*  (*)]  «r  x.  «ia  thfad  aoiaBat,  /"j|  , 

1.  a  aaaaiBa  ar  thi  il»«a~  ar  tba  41.1^ 

j  <  0,  «»  aiwaa  talU  W  aaiattaa  aaliiaa  af  x^  far 
/4  j  ;>  0,  tiM  awffa  tails  ta  paalUta  aaluaa  of  x*  Om 
lanfl,/^  3  baa  baaa  faiwi  aB>ar4*aaitaUjr  ta  ba  sMra. 

Ovar  imUBr$/<%  ftll  ba  paaltlfa  ai<  alH  ta»f 
xapilluSt  dapaaaing  on  tba  rMUbaaaa  af  tba  aaa* 
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Th«  AlV-dS  ins  a  Ma  bkk1«  ifhlah  wmmjat  ttm  mmn 
(f^)  coi  an  aasuMd  ikaMnsaa  ( for  an  avm^i 
Baa  Btata,  Tor  noro  uoouamta  datoralnatlon  of  grauadl 
^paad#  tfaa  iiPM-de  must  b«  aodlflad  bo  that  tha  ataanta 
in/^^  wmy  lie  ooapanBatad,  Ticuva  4  of  Agqpandlx  fi 
itfuMi  a  variation  in  aiopa  for  variations  in  saa  atata 
(BMUifort  ntadMora)*  She  aXopa  is  a  Bnasura  of  tha 
akemmtm  of  ths  I>oi»>Xar  fraoManegr  maiotruB.  TTcn 
this«  it  is  poasiblo  to  alislisata  avarags  arrom  bgr 
putting  ths  proi>ar  aaa  stata  oonditiOQB  into  tha 
systaai.  Figura  5  of  Appandix  B  shows  arrovs  rasulting 
in  various  saa  statee. 

Tha  Beaufort  numb«r  could  ba  obtained  In  the  air 
and  Bwisiallj  sat  into  tha  Bopplar  sjrstaiB  in  aithar  of 
two  ways,  first*  ths  Bsaufsrt  nabar  is  a  diraet  funo 
of  wind  valaaitgr.  Tha  Bogplar  systan  givas  tha  wind  t 
within  of  its  satual  valus  (1).  A  saoond*  and  pinv 
haps  aors  asaursts*  asthad  is  to  uss  a  las«r  davioa* 
disaussad  latar  in  this  shsptar*  to  nsssurs  ths  hali^t 
of  ths  sss  wsvts.  Bush  davlaas  ean  nsssurs  distansas 
with  arrars  lass  than  ons  fsat.  Ths  width  of  ths 
rsasivsd  spastvwn  (diraotly  prspsrtisnsd  to  wavs 
hsight}  oan  bo  usod  to  dotsmint  Bsaufsrt  nasibsr. 

flgors  5*1  shows  ths  dssirshility  sf  rsdusing 
/1 2  vstisnss).  As/^2  dssrassss*  ths  spastnai 
boosnss  nswa  poslcsd.  This  will  glvt  a  battar  datar- 
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almtlon  of  tbo  averted  8UXt«  #  Mitb 

irtileh  to  dotondne  ground  ipMd  and  drift*  Thla  •aa 
ba  iBprovad  by  ualng  largar  antaraaaa  and  hancNi  a 
taoallar  btaavldth  ^  ^  * 

A  aaeood  nathod  to  olnlalna  /^2  ^  * 

relatlvaly  low  altitude.  Ovar  aaa«  tba  algnal  to 
nolsa  ratio  deeroaaoa  ao  altituda  iiaaraasoa*  2bis 
dropa  tha  half  poMor  point  (3  db)  and  iaoraaeoa  ^fg* 
tAian  working  wltii  atewad  diatrlbutian  funetlona*  an 
Inoraana  in  caunaa  an  Ineraaaa  in  tha  unoortalnty 
of  finding  tba  proper  naan#  f^* 

-Z 

>  X 

0  ■  X  e 

3 

2O  . 

Pigura  3-3 
Janua  Dap|»lar  fiyatan 


^ -  (D.  •  M 

7  4  aoa  (7  '  2  *3' 


+  (»-3) 

utMKni 

m  uaglAt  iMtuMn  x  aaS  1«  y  wad  M, 
m  wad  3«  VMpMtivtly. 

^  ^  Dtfiplmr  idslfte  xloiit 

bMM  I«  2«  and  3«  raspMtlfVly. 

Jn^tf  3*3  93Mm  thv  a«nfMBuvatl«i  ct  a  Jtawa 
typa  OapplM*  ayttiia.  Nhlla  tlaa  AFll-82  haa  an  ataumay 
of  la  knots*  uswsy  systaws  am  oapaklo  of  aoeunuKLos  of 
ooloaot  at  a  cround  spood  of  200  knots*  lasts  of  oldor 
fiqpiawF  tsdaro  (9)  am  stioiin  in  Uppowdlx  B  to  tasTS  tho 
folloiil]«  onpoooi 

1}  rrslMklo  vai«s  omr—  B/Jd  %,  nhsso  o  is 
tlis  dlstanso  tii oslsd  in  nsiitloai 

2)  yoouklo  oroos-ooitKO  osvar—  16/  /iT  % 

3)  riOkaMo  posltlsn  onto—  IV  ^ 

It  is  nsssnsklo  to  ospoot  soounolM  ixprovod  on  tlas 
oodoo  of  !30K  sliiso  tho  ■sisifaotimo*s  oposlfioatlons 
havo  tMpsonrt  fOosi  2  knots  to  1  knot* 

An  aXtonisto  nstkod  fso  tBsok  *yfa  gyimiiia 

i^ood  Mtii^  soy  lMi  ssployod  in  tiat  faturo  is  kaood  on 
a  syston  tdtlili  oonolatos  vasiattons  in  pulso  mdar 
tomin  ntoms  for  aiatoras  ussrsawnt  of  ttasoo 
qpantitlos* 

Skis  syston  (IBCAX)  rsooirss  sokosi  at  two 
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airtamft  (S3)*  Ac  the  vehleA*  xssvee  tarmd,  the  mtt 
anteimc  the  previooc  poeittae  the  ftnowd 

&»Utam»  The  tMB  liistmAe  thoe  reeelw  identlael 
return  Igmle  ct  a  tltao  differeatlal  detmliMd  hy  the 
ulronft  TBledty*  The  Teiedtr  infens^tion  is  ebtsiasdi 
bjr  neasursttent  of  the  delay  reqpilred  for  waxlaun  eemla<» 
tl<m  of  the  tKo  signals* 

The  feasi^Llity  of  a  navigation  cysteoi  hased  on 
tho  eorrelatlon  uf  r^rtuzna  to  separated  onteixnas  of  an 
inaoberent  pulse  radar  has  been  established*  Such  a 
^rsteia  is  ineensitivo  to  alreraft  altitude^  roll«  and 
antenna  position*  2xpe3rteMaxtal  data  saggeats  that  the 
oystem  errors  cay  bo  less  than  2^  (23)»  Several  signal 
processing  olroults  ha^  been  explored  in  vMoh  the 
delay  and  oorMlatlcm  opexatsons  are  accosqpUShiKl  l^lth 
slaple  solid  state  eleotronio  oonponsixte*  ^Oiese  wy 
be  useful  in  eorrclatlon  davlctes  other  than  fSCAV* 

It  Is  pointed  out  that  every  airborne  r^ole 
Ihieh  tarries  a  Modem  pnlse^type  radio  altSaeter  has 
already  iht  nett  laportant  eltntnt  of  a  FECAH  systtsu 
A  third  anttnna  and  a  signal  prootssing  electronloi 
paekagi  vould  bt  all  that  it  re^iuired  to  provide  veleeity 
and  ground  tratk  date- 

In  detevniiiing  the  peeltion  ef  the  alreraft  with 
im^ett  to  tht  earth#  altitude  Is  needed#  as  well  ss 
ground  spied  end  treok.  frtvleus  authors  (Sl#fl9#ad) 
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hav*  Mlicd  on  xwlar  w  baronotvlo  aXtlnotora.  n>» 
p3K»c«du3ro  to  dot^mlno  radar  altltudo 

om  a  kwnm  spousd  el$|^tlon  (runrax  or  Inloi)  and 
t^^  to  neasuro  devlatlonff  fren  this  roforenpo  bgr 
using  a  baroBtstrle  dovico«  This  asthod  Introdueos 
larga  orrore.  Crer  ^  sea.  It  waold  not  be  neoessaxy 
to  use  baronetrlc  devices,  elMO  the  radar  altiaeter 
would  xaaasvTO  u»l£^t  above  the  geoid  directly. 

Although  appears  to  solve  the  preblca,  radar 
altisisters  have  Siiaccuracies  on  the  order  oT  *^30  foct 
In  altitude  deter&tLnatioi.  '*t  the  proposed  10,000 
foot  altitule.  As  shmm  in  Chapter  1,  an  orrer  of 
30  feet  In  altitude  dcterednatictn  gives  rtoe  to  a 
3  mgal  error* 

A  lael^iod  to  oliialnate  errors  due  to  x-co  ojlt 
xKjductlons  is  to  luxj  a  liioer  radar  device.  This  type 
of  radar  uses  a  rod  of  synthetic  ruby  »hieh 

absorbs  light  oatrsy  at  frequency,  and  waits 
ll^t  at  anotberr  froquoncy.  The  light  eaaitted  is  a 
brUliant,  coherent  ray  tihlch  Is  capalle  of  being 
pointed,  tilth  seatterlng  nuch  less  than  1  allliradian* 
(11).  The  refleotod  light  ray  ean  then  be  tlned  to 
Stvo  alUtude  Inforcntlon  In  the  sane  manner  ae  radar 
<3arvicMis*  The  inpertant  differenee  is  that  the  extremely 
mrreti  beaaaildttx  (1  allUradlan)  decroaeeo  the  altitude 
error  trm  *30  feet  to  *  1  foot.  Since  a  one  foot 
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mxvor  in  altitude  sLvee  riio  to  a  0.1  ngal  ewer  In 
gravity^  thle  ermr  can  effootively  be  dlttvegarded. 

Zf  the  Q]:d>oard  navlgatlcn  lystett  wrae  p«rAK)t« 
a  na'vlgatlanal  flx«  z^(t),  at  the  end  of  the  flight 
should  eoinslde  with  the  ponltlon  Indicated  by  the 
CBdKKurd  narlgfthLon  eysten.  Zf  they  differ,  a  statle- 
tloal  Method  can  be  used  to  reduce  1^  probable  errom 
in  isround  speed,  track,  and  position.  ?Ms  nethod 
usee  the  Infemaatian  obtained  frm  the  final  poeitlonal 
tlx  of  the  fli|d>l  ^  update  all  the  Infaematlon  In 
ground  speed,  trsok,  and  poeltion  throughout  the  fUght. 
Consider  first  the  ground  speed  error, 
let  v(t)  •  actual  velocity 

T^(t)  ••  veloelty  indieated  by  l>oppler  syeten 

(^  (r)(t)  •  esrer  la  Vj(t) 

▼^(t)  -  T(t)  +  6(v)(t)  (3-4) 


Otiooee  m  as  tbs  estiaater  fsv  the  arsrsgs  value  of 
B  (v)(t}.  file  beet  estiaate  for  v(t)  mil  then  be 

v(t)  -  Vi(t)  +  i  (3-5) 

Integrating  Sfoatlon  (3-4) 

»£(t)  •  f*  T  (  t")  <J  t  £(v)(^)  dt4«  1^(0) 


(3-^) 


where 
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z^(t)  «  Indloatad  poaitlon 

x^(0)  m  initiail  position 

V  /'t 

x(t)  •  X  (0)  ♦/  V  (  2r)  d  t 

(3-T) 

<?(x)(«)  -  £(i(»))  ♦/*£(»)(  .)  d  t 

(3-a) 

x^(t)  -  x(t)  +  £  (x)(t) 

(3-9) 

x^(t)  -  x(t)  +  tiXfHt) 

(3-10) 

whsrs 

Zf(t)  asasuvsd  position 

Psfine 

(xH%)  -  Xj(t)  -  x,(t) 

(3-11) 

•  £  U{o))  ♦  (▼)  t  -  (^(x^ 

)(t) 

+  ^  (v)(  i 

(3-lt) 

vhsrt 

(v)(t)  •  srror  in  volosity 

(3-13) 

It  my  b*  «MumiS  that  <^(v)(t)«  tht  dsflatlan 
trm  ttm  mmn  oC  tha  9rtw  in  mloeity*  la  an  unhiaaa4« 


nanmlly  (Al0t|EtlMtad«  rtatlmm  v««UUa*  XT  ^  (Vjt  is 
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tinOy  th»  tmn  of  tho  orror  la  mlmltj,  tim  InlovMl 
of  6  (t)(  ofor  «  In  tho  Iqmotton  (3»ia)  mU  8o 

M9P0« 

Sinoo  "  £.  Is  not  knomw  it  Mint  to  ooU- 
mtod,  ifMtlocio  (3»1A)  ttvough  (3-1j6)  ihow  ttet  tlit 
ooUmtor  for  tho  atan  is  sotulllj  unfeissod*  lot  a  to 
ttao  ostlastor  for  tho  aoan*  Tho  onror  in  tho  ootimto 
is  (V)  •  a  •  To  asloi  an  unbiasod  ostiaato^ 

i.-TFT 

a  *  I*  '  U)  -  "“^liTUfTT  ♦  d  i*f  i  (3«iA) 

i-||~TTSr  -  ~7  Wq))  ♦  '•  j  <J-15) 

Ho  haoo  aasuaod 

-e  vn  -TT^nm  •-mg)  -o 

5  •  ^  rvT  J  t  •  t  (r)  (3-16) 

Thoroforojr  a  is  an  uhtlasod  ostiaator  for  tho  aoan  of 
tho  orror  in  oolooitsr, 

a  •  (3-17) 

Tho  wianoo  of  a  is  tho  «iaaititgr  that  dotondaos  tho 
probahtlitgr  of  aa  aoourato  aoasiiro  of  ground  ogood* 

(S>U) 
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From  Bfutttion  (S»9)  It  can  be  seen  that  fir)  ®» 
rrhan  aferafed.  will  oontaln  onlF  one  non-sera  teni* 


Fran  Zq^tlon  (3-12) «  when  avero^ad,  has  onljr  one 
non-zero  tem« 


The  oroea  product  tern. 


-2  £  (r)  ■  *  <f2 


The  varianee#  ,  is  the  eun  ef  these  three  terns. 

“r  “Fwp”  <3-w) 

% 

Sinoe  thne  is  only  one  asasnranent#  &  (x). 


The  stantevi  denation  thus  beewsee 


The  probable  error  in  ground  speedf  .57^  CT  «  is  then 

FEy  -  1.9W  (3-ai) 


*A 


Xt  ean  bt  wbmm  ttat  tli*  wum  aqiufttioa  is  salKI  tm 
detsmliilns  tlis  probaUs  simt  in  tsssk. 


^5 


ciiAPTfin  4 

ANALYSIS  OP  ERRORS 


EqtuatlOii  (2-14)  provides  a  method  by 
loadings  frOD  an  accoloi-oniotcr  r.;o;intetl  on  a  otabll- 
isod  platform  in  a  r;ovlns  vehicle  can  bo  converted 
into  gravity  njcasufv-Tonts,  The  specific  force  FjoaBured 
along  the  Indicated  z  axis  can  be  eorredted  to  a  corres¬ 
ponding  gravity  vaiuo  with  the  same  oiTor  present  in  the 
accclorociotor.  In  addition  to  the  errors  in  the-  twelve 
correction  terms  In  liquation  (2-14),  Tre  effect  of 
errors  In  these  corrootlon  terms  limits  the  accuir-acy 
with  which  gravity  can  be  determined.  To  specify  the 
errors  anticipated  in  the  gravity  cor.putat5.on,  it  is 
first  necessary  for  uppor  llrnlto  to  bo  set  on  the 
operation  of  the  system.  In  this  thesis,  the  authors 
will  examine  the  case  of  an  aircraft  flying  at  approxi¬ 
mately  10,000  feet  and  200  knots.  It  shoiad  be  noted 
hero  that  the  optltnum  conditions  for  the  purpose  of  this 
thesis  would  be  opcu'ation  at  as  low  an  airspeed  as 
possible  without  loolng  acceptable  autopilox;  performance . 
Iligiior  gz*ound  speed c  load  to  larger  coefficients  In  the 
correction  terms  as  well  as  a  decrease  In  accurate 
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detezvdnatlon  of  speod  and  Its  dorlvatlvss. 

In  the  analyola  porfoj^jwd  In  this  chapter,  the 
folloirlns  vslues  and  aseuB^tions  swre  used; 

1)  Qrcund  speed,  200  knots 

2)  AlUtude,  10,000  feet 

3)  Aircraft  alvays  flcsm  on  s\itopilot  with 
BnxlBMm  exctirslons  of  *5  feet  from  reference 
altitude 

4)  Maximum  values  tar  errors  Instead  of  aversfie 
exTors  used  throughout.  The  average 
error  for  an^'  function  is  aseumsd  to  be  sero, 
l.e.,  ths  oqulpoent  Is  unlilsBed 

5)  Cj^  and  Cy  6  3C  •  150  X  10“^  i^adlans 

6)  fiL  end  ••  15  bm  •  x  10*^  radians 

X  y 

There  sre  a  few  Isolated  positions  on  ths 
esrth  where  thle  value  resohes  one  minute 
of  arc.  Korever,  these  eaees  are  rare,  and 
15  seeends  is  a  good  average 

7)  •  20.9  X  IC^  feet  -  6.44  x  10®  cm. 

8)  £  (Rgy)  •  tl  foot 

9)  Djj  e  U.5  1^*  •  3.34  x  ICT^  radians 

(naxiauB  value  at  2^  »  45*) 

10)  d  (*^)  -(£(/)-  I  Blmte  ef  are 

11)  200  m  1,62  X  10*^  md/seo 
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IS)  c  (1^)  *  -  2  n0ur  «  1.62  x  IQT'^  nO/w— 

-  4.75  X  icr^  Tmi/9— 

14)  (f  (?)  156  /  -  4.75  X  lO**^  r*d/»*o 

15)  ^P  *  10  ft/Bln  «  .167  n/BM 

1^)  cL  (^p)  *  «oi67  ft/Mo  («ltlMl^  iB  Boourmt* 

to  1  1  foot  as  cxaadnBd  in  Chapter  2) 

17)  Djj  *•  1.08  X  10“^^  raA/B*9  (Djj  1b  a  niaxlBum  at 
1^  •  0.  Oji  ■*  (11.5  Bln)  Bin  2X^  |  and  onx 
■  1,62  X  10“^  rad/BBC 

18)  6  (Dj,)  •.  1,08  X  10"®  vma/ot 
(frox  errer  in  srtund  Bffd) 

19)  Dj,  *  2,32  X  10"^2  vA/a9c^  (at  200  knots  It 
talsiB  45^/ 3.33*/lMni  x  3600  m 

-  4.85  X  10"^  BOB  to  traYOl  45*. 
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1,08  X  10“^  rad/see  divided  by  4,85  x  10^ 

•»  2,32  X  10"^  ra^eec) 

20)  £  (D„)  -  0 

•• 

21)  ■■  0  (average  over  an  integral  number  at 
phugold  periods  ae  dlsetUHMKl  in  Chaptar  2) 

22)  Wjg  «  7.29  X  10“^  ra(VM»« 


23)  (BMxlmur.)  has  been  arbitrarily  eet  at 
70*  latitude  to  inrevent  exeeaeive  values  of 

e 

at  200>knot  spovaad  epeed 


a»)  -  .2c  - 

>  3.06  X  10'^  nt^iM 


•  3.8  X  10"^  rxd/xM^ 
26)  7  (mx)  - 
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-  9  X  10*7  rad/i««® 

m 

vA/we^  •  9.35  X  10*^  rmA/amt^ 

Slxie*  th*  aircraft  vllX  b«  flam  under  the  oost 

Ideal  oonditlona  poMible  (strali^t^  level  <ind  unaeeel- 

erated  fllid^t  on  autopilot )«  the  aaTliauBi  euatalned 

aeoeleretion  in  the  horixcmtal  dlreetion  la  aewaaed 

to  he  «2s  (6,36).  Purthemore^  tranaient  dlaturbancea 

are  aaMaad  to  be  of  abort  duration#  and  to  averoce 

to  aero  over  tiiia  four  to  five  nlnute  interval  of 

Interoot,  Aa  prenoualy  diaeuaaed#  thia  aaaunption 

la  Juatified  thrau^  the  uae  of  an  unrtaaped  Schuler 

tuned  platfOM#  and  the  aeaeurenant  being  ande  over 

an  Intecaal  naiber  of  alroraft  ptaugoldal  perloda* 

•* 

ean  be  found  In  r  iaiaier  of  wgra.  Slffnentla- 
tion  of  ground  apeod  aa  detemlnad  tgr  the  Doppler  aet 
provldea  one  aathod.  Tbla  operation  ia  dlffloult#  and 
aoeuraelea  are  poor  duo  to  tbo  netae  praaont  in  tha 
ratum  aicnal.  fhia  aathod  baa  boon  bor^paaaed  by  tbo 
authoora  in  favor  of  a  aoro  prooiao  toolailqua.  A  aooond 
and  Bort  aaoamto  aathod  oould  bo  to  uao  a  horlaontal 
aoooloroaator.  fho  only  Morifiaoa  In  aeeuraojr  boro 
uould  bo  duo  to  tbo  inheront  oapabilltgr  of  the 
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c.oo«lmraaoter  and  tha  iiaMLlity  of  tha  ttabla 
plattam  to  BMdjntain  tht  Input  axis  hwlsontal, 

!nii8  last  problen  la  mostly  duo  to  tho  drtTt  poosont 
in  the  orree  used  in  the  stable  platform,  kao^imr 
mall  error  here  is  due  to  the  Inaoourate  reproeentatlon 
of  the  alreraft  heading  (aaeueed  t  1/4  of  a  degree), 
llheee  errors  nay  eonblne  to  nake  this  prooess  unaeable 
for  the  purpoees  of  this  thesis.  Honerer,  as  the 
quality  of  gproe  and  acoelerneMtero  is  Inprovodj  this 
may  mil  beoorn  the  most  accurate  nethod  available. 

m 

V  third  Method  for  detenalnlnf  the  value  of 
aeems  to  be  tho  most  acourate  mans  available  at 
prosent.  This  process  entails  the  logical  assunptlon 
that  velocity  errors  ore  propagated  at  tlac  3chuler 
tumns  frtquexkcy  of  84.4  mlnutei.  This  is  not  aerely 
an  assumption*  but  has  been  proven  on  test  flights  at 
the  K.  I.  T.  Flight  Test  Facility.  If  the  naxlmun 
error  in  veleolty  is  known*  or  oan  be  fofund  from  irast* 
fillet  analysis*  it  is  a  slnple  prooess  to  dctemlne 
the  naxlnus  rete  of  change  of  veloolty  error.  The 
assuBg^tlon  that  this  maxlinn  velocity  error  is  leM  tkmA 
(xie  foot  pw  second  gives  the  systen  the  oapabllllqr 
desired  for  this  thesis,  figure  4-1  shows  that  tho 
naxlBum  rate  of  change  of  velooity  error  ooeurs  during 
the  eyole  centered  at  a  aero  velooity  error 
croBSing.  Since  1/4  per^.od  equals  21.1  mnites*  ths 
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£(ir) 


84.4 - H 

nlnites 


% 


FlSurt  4ol 

Vmlocltj  Snrars  in  an  Znartial  Syatan 

^  *(«“)  -  (fv»c*). 

If  the  maaj.mun  veloolty  error  la  aaauiao(i  to  be  one 
foot  per  aeeond^  tlien  tlim  ^  ^(aax)  1«0  x  10**^  ft/aeo^. 
Thla  value«  when  dlvlaed  by  tflvea  j»k.  x 
rutVaee^  aa  (^)« 

Sable  4-1  autaaarlMa  the  errora  (la  Busal)  In 
the  neaetireaent  of  gravity  ueing  the  above  errora  In 
Squation  (2-14),  Sable  4>1  ahowa  that  the  ua^or 
c«itrlbutlng  faotor  to  errora  in  the  neaaurenent  of 
gravity  la  the  inability  of  the  ayatesi  to  atasure 
grounl  apeed«  8peGlfleally«  i  •  Thla  error  is  re4uee<l 
from  t4.2  B«al  by  a  faotor  of  V<^  C^g  *  ^g)*  At 
the  equator#  the  error  due  to  error  in  /  radueea  to 
ti.4  ngal,  Thla  la  a  baale  linltatlon  on  the  tyiteo 
propeeed  by  the  authora.  At  hlgli  latltudea#  the  error 


TABLE  4-1  ERRORS  IN  SPECIFIC  FORCE  MEASURED  ALONG  THE  Z  AXIS 
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TERM  IN  EQUATION  (2-l4) 


APPROXiri\TE 
EPJIOR  IN  MGAL 


1 

(SF) 

tl.5 

2 

V  “v  ) 
y 

t2.25  X 

10"2 

3 

Lg  ^EP 

(1  +  Cy) 

+6.9  X  10“^ 

4 

2Lg  Rgp  (sin  Dj,j 

)  (1  +  Cy) 

+1.66  X 

io"2 

5 

2Lg  %  Rgp  (cos 

%)  (1  - 

12.25  X 

10"^ 

6 

Rep  (cos  Dy)  (1 

-  s) 

Assumed 
be  zero 

to 

7 

2Rp>p  (sin  Di^)  (l  +  Cy) 

+1.11  X 

10-11 

8 

Dj,j  Rp-p  (sin  Dj,j) 

(1  t  Cy) 

12.38  X 

10"^^ 

9 

^'^‘EP  ^N 

)  (  1  -  Cy) 

I3.6  X 

lO"!^ 

10 

Lg2  Rgp  (cos  Dpj 

r)  (1  -  Cy) 

1.386 

11 

i  ^p  (2Wie  +  i) 

+4.2 

X  (cos  Lg)  (1  -  Cy) 


12  Cy^  cos  (Lg  -  Dj^) 

J  Kep  +  2Kep  (Hie  +/ )] 

13  2C^  Rj,p  (Hje  +i)  sll'  (Lg  - 


X 


Lg  -  Ln 


14  Free  air  correction  error 


+3.08  X  10“2 


+1.5  X  10"3 


t.l 
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in  the!  maBurwasnt  of  gravity  iocoMde  the  deelrttf 

3  to  4  Bgal  range  when  flying  an  •«i8t<^Bt  oourse. 

The  obvious  solution  for  gravity  vMSuremmts  at  higti 

latitudes  is  to  fly  a  noxHsh-south  eeurse  during  asasurs* 

nent  runs.  Note  also  that  the  error  in  tern  10  due  te 
« 

an  error  In  cannot  be  at  a  aaxinuR  when  the  error 
In  tom  11  due  to  an  error  In  f  lo  at  a  noximm.  Hwo 
ms  values  of  error  in  the  nsasurswent  of  gravity  are 
given  btloir>«one  for  a  north-south  course^  ?.nd  one  for 
an  east-west  course.  The  errors  are  due  to  errors  In 
terns  I,  10,  11«  and  14,  The  roswlnlng  terns  hsve 
errors  less  than  .1  ngal^  and  nay  be  disregarded. 

NQRTH-SOOSB  COORSE 

xvs  error  •»  ^(1.5)^  +  (.4)^  ♦  (.1)^ 

«  1.56  1.6  Hgal 


SagC-MIgT  eomME 

nm  error  •  ,^(1.5)^  ♦  (4.2)^  +  (.1)^ 


4.46  -  4.5  >«al 
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C!ilU?TER  5 

SCTtirjar  akd  comcmiow 


The  aMhanlsatlon  of  th»  thtovjr  and  fchnlfma 
diftousand  in  prevloua  chapteru  it  not  la|>oBeiblt  tr 
ev^  dlffioult,  lioonror*  thtro  art  oortain  rt^ptUo- 
mnta  of  tbit  Btoclianitatlon  lAdoh  Bust  be  ccmsldivod 
In  detail.  The  ccleotlon  of  a  suitable  aircraft  to 
perfora  the  mieaion  t-aict  be  nade.  Sane  of  the  desired 
ohuractenstlos  of  the  cliosen  aircraft  are  as  follows  i 

a)  Suffieient  run^  to  span  all  oooan  msset 

b)  Stable  flight  charaoteristios  In  desired 
alrtpeod  range  good  autopilot,  i.e., 
one  oapable  of  mintaining  altitude  within 
t20  feet,  and  heodixig  within  t  l/h  doswMi 

o)  Capable  of  nountlns  all  squipasnt  assoelatod 
with  gravity  nsaBureiaent 

d)  Fhugoldal  period  known  at  dosired  airqpsod-* 
aetuallj,  this  is  not  a  funstion  of  the  sir-' 
sraft,  tout  a  funstion  of  the  airspeed.  However# 
the  wsinltude  of  the  oatettrsioBs  frow  the  refer- 
enee  altitude  is  a  funstion  of  the  aireraft 
eonfiguratlon.  The  phi4pildal  pnlod  of  an 
airoraft  flying  at  200  knote  Is  approodnately 
46.5  enoonde.  (»lnie  Wa(phiiteldair  ^ 
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an  incrvaae  in  alrspMd  and 

tharalQr  increaaea  tha  plmfoldal  par&od,) 

Th»  vorld-aiiila  gravlaatvie  wnigalxmmntm  as  mi%- 
linsd  ligr  &r«  IXogrd  Thoopson  of  tht  dsqcdiQrslos  Hssssyoh 
Dlr»otoanta«  Air  9arce  Cacdsridflja  Rsssaroh  Cent«p«  sst 
fortii  ths  nssd  for  avsvsflt  gravltgr  valuss  ovtr  a  60 
slls  interval.  Per  -in  aircraft  flying  at  200 
an  iSHaixuto  gravity  reading  could  b«  mdo  to  obtain 
this  avsrags.  The  randaa  errors  Vhleh  are  assuMd  to 
average  to  sero  over  a  gravity  ■easureamot  woulu 
probably  average  to  zero  over  a  nuoh  shortor  tine 
interval->probably  four  to  five  alxwitOB  (20, 24 « 23), 
iXirlng  this  tine,  tbe  aircraft  travels  over  approxinate- 
ly  fifteen  sdlee  and  goes  throui^  six  phugoldal  periods. 
This  nusdMT  of  phugoidal  periods  is  believed  to  be 
eufinclwit  to  average  the  long  period  vertical  aeeel- 
erutloo.  In  seabeme  gravUsitors,  no  such  ability  to 
m&man  long  period  vortical  aoeeleratlon  existe  due 
to  the  lask  of  an  external  reference.  Still,  esqpasrl* 
nents  in  this  type  of  gravity  mamnemmnt  indicate 
that  five  Blmtes  is  long  enough  fw  bt.  ade^te 
avezmglng  (4,7#l6}, 

Any  errors  resulting  from  disturbances  uhiidi  4e 
not  avsrags  to  mvo  can  be  adnUiaed  by  flying  the 
olsslon  In  tbe  best  poeelble  ueather  eondltione,  fte 
effeets  of  angr  berlsontal  disturbeneee  are  Ineluded  la 
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ttm  tcvor  aaUarals  alrtt&djr  pg»— ntsd, 

l!ho  inforatien  finxs  tiw  ae4MXiroMt«p«  atakll* 
iMi  platfM*  alttMiter»  ani  S^ppltr  n4av  mU  b* 
rtapamSi  in  tfat  tiiM  doaain  by  tbb  imm  of  a  oloek. 

The  tsemmxted  infomtLon  in  tint  oan  than  bo  anUyaod 
on  tho  ground  and  oonvortod  book  to  a  qnuio  (i.o.f 
position)  funotLon*  Cio  woohanloo  of  avoraglng  ail 
tho  inpifto  to  Iquation  (2»lt)  io  boot  dono  utilising 
a  digital  ooaputor.  Iho  oaao  oo^putor  ean  bo  uaod  to 
flolVB  Xquatlon  (S-lt)  using  tho  avorago  valuos  as 
ftalcailatod  by  the  oonputor*  Provious  authors 
at«a5«a6)  havo  found  that  roduotion  of  data  mtheut 
tho  uflo  of  a  ooigKitor  is  an  oactnaasly  todioua  task. 

Tho  'uso  of  Loran  C  would  pozvit  tho  alreraft  to 
aooonpliah  tho  nlasion  without  boing  outdde  at  Loran 
coverage  for  porlode  in  oxeoss  of  five  hours.  To 
prevent  tho  longltudo  rato  froai  boooadng  oxoossivon 
Biasiona  floun  along  parallels  of  latitude  ahnuld  bo 
lialtod  to  latitudes  loss  than  60*.  Tor  areas  above 
this  latitude#  tracks  along  aerldians  olooo  enough 
together  to  prorido  averago  readings  ovor  60  nautlssl 
bUo  squares  prosonta  tmo  asthod  of  MoasursBsnt  in  ths 
higher  latitudss. 

The  present  world-wide  oovorage  of  Loran  C  io 
Insttffieiont  for  this  risslon.  Howsvor#  if  all  prssont 
Loran  stations  are  roplassd  with  Loran  C#  thsrs  mil  bs 
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no  problwB*  This  roplaoMitnt  ■hould  be  eenplete 
within  the  next  few  years.  There  ere  inertial  earsteMi 
In  existenee  whleh  will  glee  the  reqiuired  aecumay. 

So,  It  is  pOMlble  to  do  the  Job  today. 

The  inertial  system  poeeesees  other  advantagoe* 

One  is  the  faet  that  ocean  eurrenta  do  not  reduce  Ite 
accuracy.  Ocean  currents  are  appreocinately  known,  and 
will  not  appreciably  dateriorate  the  ground  apeed  deter- 
sdned  by  Doppler.  However,  it  does  not  enter  into  the 
inertial  systesi  at  all.  Another  advantage  of  the  iner¬ 
tial  systew  would  be  the  following  t  Since  any  error  in 
position  and  velocity  propagates  with  the  Schuler  period 
in  an  Inertial  ayet<uu,  and  regains  fairly  constant  in 
aoplituda  for  aaoh  flight,  a  oalibration  period  of 
approxinataly  42  inlnutas  {1/2  Schuler  period)  can  be 
used  to  calibrate  the  error  out  of  the  system  for  eaoh 
run.  Zn  other  words,  we  oan  find  out  what  the  error 
in  position  and  velocity  is  for  eaoh  run.  With  post¬ 
flight  analysis,  these  errom  ean  therefore  be  reaoved 
froi^  the  readings  tuVeen.  This  technique  provides  a 
large  rsduotion  in  tiie  errors  prsseniMd  in  the  error 
analysis  chapter.  Tlie  nv-tx1.miai  error  in  gravity  Bsasure- 
usnt  while  flying  along  parallels  of  latitude  up  to 
60*  beooniss  less  tiion  2  mgal.  Maxi  bmp  error  flying 
along  nsiddlan  also  becones  less  then  2  agal. 
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»nUm 

AjUN»«f«-'*C-97  «r  mth  autaplM*  9mm  tm 
rnmmtt  mm%  vmfimmlj  mUhUwtmd 

Bqulpwint 

«}  Zamt  AltLattor 

b)  PZM  or  PZPA  f«r  um  as  gravltgr  aMumr* 
ini  davloa. 

a)  ZnarUal  qrstMi  atiioh  mu  aaaurataly 
Maintain  tha  »fwnat  vartdLaal  (tha 
nanal  to  tha  rafaianaa  aZlipaold)  and 
atabla  platfan  on  «hlah  tha  gravltp  mUr 
la  plaond*  fha  Innrtlal  paotoja  miZ  alao 
patvida  tha  fallawlnii 
1)  AUraraft  haarting  vaftranea 
8)  atabillilng  aignala  far  tha  laaor 
aJLtliiatar  antanna 
d)  Loran  C  afulpnant 
a)  Sanplar  AM-da 

f )  Raadaut  and  raaarding  afuipnant  fir 
0Nivlaatw« 

Via  naxt  far  paara  idiaiald  prorlda  aqulprant  far 
aupailar  ta  that  aamaad  in  this  thaais*  ■aaordtiig  to 
Polnar  af  tha  N.  Z.  ni^t  Saat  VaoUitp,  and 
Nr*  SaiagianBar  of  ttm  Jtoatwantatian  lidMamtOBy, 
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Innrtlal  type  iQrstem  mil  be  able  to  detendne 
poeltlon  to  within  a  quarter  of  a  mie  after  five  to 
ten  hours  of  operatlon«  and  veloolties  to  mthln  one 
to  two  feet  per  eooond.  These  l^provenents,  ooupled 
mth  a  speoiflc  forco  rasasurli^  derioe  mth  a 
iTOfivovmmnt  over  what  can  be  done  today,  mU  pendt 
the  techniques  discussed  here  to  be  utilised  with 
very  Mgh  aoeuracy. 

Ck>ntinuous>laser  Doppler  equipaent,  when 
devolqped,  will  permit  accuracy  very  close  to  iijertial 
systeiQ  qvMlity  at  a  cnioh  lower  cost,  aoeording  to  Up. 
Scleglenny,  This  possibility  taay  not  be  realised 
Iciaodiately;  however,  its  applicability  in  ttds 
sclierac  IB  quite  evident  if  its  develoissent  is  eis 
successful  as  presently  expected. 

The  two  possible  futiue  dsvelopnsnts  nentioned 
above  are  not  only  oaeans  of  iKprovlis  the  soheos 
dlsciissed  here.  An  Integrated  systen  containing 
inertial,  Doppler,  and  laser  equipMnt  can  be  utllisod 
to  provide  better  accuracy  with  statOoOf*the-ai^ 
ooiBponeiitB.  The  equatious  azsl  constants  for  such  a 
system  beve  developed  by  Hr.  Sele8i«>wy  of  the  K  1.  T. 
Instrumentation  Labooratory.  This  integrated  systea 
o(»taina  third  order  dacq^lng,  and  utilises  accurate 
altitude  and  a  properly  filtered  Doppler  signal  to 
correct  the  inertial  systesu  Such  a  systen  would 
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also  b«  1J«P2H>¥«<!  through  tho  use  ot  a  oonUxsaous-lasor 
t^rpe  Sopplsr  radar, 

ftrstaa  Srrora 

I'hB  arrwps  of  cauptor  4  are  derived  frou  a  ^rstem 
enploarlng  Beppler  radar  to  detenoixM  ground  speed.  As 
was  indleated  ]^revlously»  these  errors  oan  1m  reduced 
oonsiderably  (to  less  than  2  agal)  hy  the  iiae  of  an 
inertial  iqretea  alone.  A  ^tee  to  do  thls«  hoifever« 
is  still  in  its  testing  stages.  This  is  the  reason 
for  eraplOBTlng  Doppler^  even  its  aeeuraoy  io 

lass  than  tha  Inartial  aystea. 

Proper  planning  of  islssions  to  be  flown  will 
r^uce  the  Teix1.wua  ros  error  to  aooeptable  valms. 

If  a  north-south  oouroo  could  be  flown  throucdieut^ 
the  ms  value  of  error  would  have  a  caxiauQ  of  1.6  ngal. 
This  is  not  feasible  booaitse  the  aircraft  would  be 
flying  for  extended  porlods  outside  areas  where  its 
position  could  be  detenained  with  sufficient  aooura^. 
There  is  a  taathod  for  z*edu6ing  the  east-west  couz^ 
error  to  4  togal  op  lessj  this  consists  of  licdting 
the  latitude  for  such  courses  to  60*.  Above  this 
latitude#  noirth-south  courses  can  be  flown  with  nos 
error  ••  1.6  lagal.  This  error  satisfies  the  require^' 
zaents  originally  specified.  This  thesis  has  shown 
theoretically  that  an  oirexvift  carrying  state-of-the- 
art  etpiLpaezit  can  mice  an  over*water  gravlfiietrie 
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"iirvoy  ducui’ucy  to  lBt>rove  Um  prMNOit 

cctlriite  for  the  Ql-upc  of  the  earth. 
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APPSHDIX  A 


StolfiM'  ftmonK  8ta%M  that  th*  shapa  of  tho 
oarth  tan  bo  dotonlxiod  throu^  tho  uoo  of  Yariatlono 
of  tho  valuo  of  onaYltj  about  a  voforoneo  valuo.  Hlo 
BOthod  rolatoo  a  difforontlaX  In  grooitgr  to  a  oocvos- 
pondlng  difforontial  in  dlotanoo.  ThuOt  if  ^  vofor* 
oneo  lb  know  (Xf2f3C)»  tho  aotual  ohapo  of  tho  oarth 
oan  bo  obtainod  bf  dorlatloiio  fron  tho  roforonoo  fraao. 

Tho  aquation  for  m  dorolopod  bjr  Hoiokanon 
and  Vening^Nolnoos  (2)  io 

A »n 


utioro 

<•  a  aonal  opherioal  hanoonio  in  f  ,  tho 
angXo  botMoon  tho  radius  rootor  of  tho 
oxtomal  point  at  uhioh  «o  «lsh  to  dotondno 
Hp  and  tho  olOMsnt  of  tho  gooid  shoro  tho 
graritgr  anonaly  io  ^  g, 
olonont  of  a  ophoro  of  unit  radius  ulth  a 
radius  vootor  ooinoiding  with  that  of  ^  g* 
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If  6'g  and  am  aat  up  In  ai^iailaal  hanMuiaa  Tj 


.  Y,  T*  ,  ,  T. 

1*  ^  ^  ^  ^  ^  ♦••.  +  (n  +  l) 

U-*) 


and 


*'»“f  fj-  ♦  5  ^  ^ 


(A-3) 


and  tha  maaiatlon  and  intagration  am  intamhanead  In 
£guatiCHi  (a-I)^ 


“p 


(f) 


nf2 


<^gao- 

(A-4) 


If  the  funatlcm 


la  intmduaad*  Bqiuatleo  (A-4)  hataana 


Kp 


Zf  tha  notatlan 


«  * 


and  u  ■  ^ 


(iH5) 


(a^) 


ia  intmdiaaad#  it  oan  ha  abawn  that 
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nmCD 


n 


n 

u 


(l  -  2u  cos  /'+ 


J 


Pi  U 


■t  (1  -  2u  cos  y  +  u^) 


ri 


1  ->  U  COB  9" 


{A-7) 


Tlton 


F 


2jr>fl 


~ii=X 


P 

n 


(2n  +  1) 


X  Fjj  d  u 


P  U' 

n  “ 


,m-2 


d  u 


If  tho  eqdstKm  for  q  (-W)  is  rndwtltoted  in 

and  ths  ^pasatitgr  v  «  (l  •*  2u  o«s  f  *  ^  Is  Intvo- 

dueadji 

’  iv  +  ^  -  5  eoa  -  3  5 

-  3  «<Mi  'f  V8  (X  *  u  »M  f  4>  v)  (A<-9) 


:.t  18  rslatlvely  easy  to  oonputs  valuss  of 
for  all  valUBS  of  and  f  .  Fxftm  (A-<6)  all  valiiss  of 
Np  May  bs  caleulatod.  If  no  tales  0  as  Urn  suantaoo 
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of  Mm  cMid»  m  havo  u  »  t  «  2  aln  l/2fmaA  9^  m 

omn  l/l'f  +  l-  5oo«f-6alaVa'/'-3«o«flii[«liiV*^ 
X  (l4-»mV2f)]. 

is  Man  to  to  slaply  a  aattiwatioaX  fuaaatlan  of 
f  0  Mm  angZo  batwoan  ttoo  vadiua  vootwr  at  miloh  no 
tJjtii  to  dotoivdlro  and  tto  olooont  to  tbo  fooid  utaavo 
tfao  groTltgr  anwily  la  Thua«  ifuation  (A-d)  taaowaa 

«.  -  rr^ ./  '•  <*-“> 

vhoro  g  and  r  art  naan  valuta  ovor  tbo  gtold  and  s  la 
a  ^ditvt  of  aoan  radlua  r.  Tbla  la  Mm  thotroa  of 
Stolcta«  uood  for  o«tputl2«  tho  abago  of  tbo  gtold. 
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APPEIDXX  B 


This  «|qp«idlx  d«alB  with  th«  MthnntiMl 
aMOaral*  of  tht  paroteblo  onrar  «nd  it*  tUstrilmAlco. 
Ttm  ofTor  •taadard  doviation  for  tho  gononil  oooo  will 
bo  (terlvod  (27)* 

Lot  tho  lino  of  diotonee  B  bo  tho  oouroo 

botwoon  doporturo  and  dootinotloin.  Tho  orrooo  In 
groiBid  opood  and  tvaok  will  bo  dooloatod  X  and  T 
rospootlmly  (Blcuoro  B-l).  Tho  oouroo  io  alignod 


X  D 


■ ' 

0 

Xbdioatod  Sriii 

doatlnatton  dootlmtlon 

Ilfluro  B»X 


Poflrdtlon  of 
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with  thw  X  ftxif,  RttfwwnM  to  tho  olong^oowt 
emor*  mil  1m  aH4o  mth  tho  oid^soilpto  oo«  onl 
yfwooo  to  tho  oMPOMHMuno  oww  (itoii  ooiiroo) 

18  oodo  mth  thi  MhMiipto  oo,  Tho  inOloatod  omm 
X  and  T  aro  oumlatlvo  owom#  and  ean  boot  bo  otodlod 
by  atatlotloal  nothodo  tgr  dividing  tho  dlotanoo  D  Into 
ogual  oopwnto  ao  that  tho  oonploto  oouno  la  dim* 
dod  Into  n  oqual  ao0a»nta«  lath  oogmnt  la  auffimontly 
80  that  tho  orrora  attrllmtod  to  oaah  ao«Mnt  (um 
atatlatloally  indopondont*  Aiqr  ooreoa  from  promoua 
aognonta  mil  In  no  way  influonoo  ooroeo  gonmitod  In 
futuro  ao^Nnta*  Zt  la  aaouaad#  la  thla  domvatlon« 
that  eonatant  owora  oan  bo  blaaod  or  oallbvatod  out. 


X  * 


A  ^ 


D, 

>  Soolrod 
oouroo 

Pool  ti  OP  mth  no 

aogoant  ovoaoo 


~  *  *  Indloatod  pooltlon  at 
ond  of  aapont 


flflUVO  M 

Dofimtlon  of  dopant  Srrooa 

Zf  X  18  a  vaxlablo*  an  owpoo  In  x  far  tho  1  th 
ohaorvatlon  mil  bo  notod  as  Vho  Man  valiio  of 
Ax^  for  n  abiorvatlopa  mil  bo  notod  aa^l^ 
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Whers 


(B-l) 


Tile  deviations  from  the  tafian,  the  absolute  value  of 
('^x^  ~  describe  the  seatterlng  of  the  observations 
about  the  mean^  ar4  these  are  described  by  means  of  the 
variance  C7^  ,  wh.ere 

A  store  useful  form  of  this  equation  is 

i  (»-3) 


The  variance  may  alao  be  described  as  the  second* 
oxder  monent  of  the  distribution.  If  the  shape  of  the 
distribution  curve  is  known^  then  the  mean  aiid  the 
variance  describe  the  particular  distribution  fully. 
The  Standard  deviation  «  which  Is  the  positive 
square  root  of  the  variance^  Is  frequently  used  as  a 
more  meanin^ul  term  for  distribution  of  errors. 

Calling  m  the  nwaber  of  sosnsnts  P/^D  into  which 
the  course  Is  divided,  ttM  oueulatlve  errors  X  and  T 
at  the  end  of  the  flight  are  given  by 


X 
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Y  - 


(B.5) 


Thu««  th«  oujaulatlve  •rrw  as  obtalnsd  toy  th«  naviga¬ 
tion  systan  is  a  linaar-  funetion  of  random  variablas. 

If  a  numtosr  of  flights  aro  analyasd«  ths  srrors  of 
ssi^  flight  will  too  indspsndsnt  of  srrors  In  othsr 
flights.  Thus# 


7  • 


i^ 


T- 


and 


rr  2 

-  Z 

i-a 


(B-6) 

(B-7) 


(B-8) 


(B.9) 


Kowsvsr#  sines  svsry  ssffMnt  has  ths  sans  basie 


oharae tsri sties # 

(B-IO) 

(B-10) 

^2  ^2  ^2 
Wy  »V)  y  mUy  ^  etc. 

'n  *n¥l  * 


(B-n) 


tha  lUBBationa  oan  be  earrled  out  uting  trie  1  th 
•ubaerlpt  to  denote  the  value  of  the  mean  and  varianee 
for  the  whole  fanlljr  of  obaervatione« 


(B.12) 


T  -  m  A  ^  -  D  A  y 


(B-13) 


Where 


»^/aD  -ax 
■y^'^D  ••  y 


Similarly a 


2  _ _ 2  ^ ,  i-  2 

-  D/aD  (Ti^  -  D(Ji 


(B-14) 


2  ^2  _  2  a 

1  -  »  <^7^  «  D 


(B«15) 


where 
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, _ 2  2 

A®  ■  6~^ 


Tht  teVUtlMUl  AM  ttm  SqUAM  root#  of  AfUAUOM 
(B-lA)  And  (B-15). 


(B.16) 

Oy  . 

(B-17) 

In  ordor  to  obtain  tho  aoAn  orror  por  nilo«  tho 
ouQiulAtlvo  Btan  orroro  T  And  T  am  dlYldod  by  tho 
dlAtAnoo  D  to  obtain  And  ^y  fop  tbt  mah  axtop  por 


mile#  and 

J  AO  ■  ' 

V 

(B.18) 

<r„ — 2i_ 

(B-19) 

nr 

’I 

AM  tho  AlOng-OOUMO  And  erooA<-oouMo  dOTlAtlmiA. 

fhOAo  VAluoA  have  boon  obtained  for  a  Uncle 
fABdly  of  ObeorvAtlone  vhloh  ■oane  that  the  loncer 
the  dietanoOf  tho  eloeor  that  the  error  will  ^npn'OAOh 
the  aean  error  ae  a  poMentage  of  dletaneo  tMVolod, 
The  mean  error  le  pMportlenal  to  dletAneo«  the  length 
of  the  trip#  for  a  family  of  obeorvatiene. 

To  Obtain  the  error  dlAtnbutlen  to  be  ueod  in 
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prodletlr^s  «06Ujniol«ii  In  th«  um  of  all  Doj^lor 
navigation  ■yatontOj  it  Is  noeosssxy  to  cwmsidwr  « 

Miolo  population  of  navigation  runs  undor  nargr 
diffsront  oooditlons.  Calling  tha  J  th  rjbsot  and 
dosigiuting  it  bp  a  J  subsoript 

nsan  orror  •  and  Tj 

dsviation  »  ^  D4 

-JL— i 

fV 

»  6~  and  CT  (B-.20) 

a  yj  J 

This  ssans  that  oaoh  orror  as  dofinsd  by  (B<4)  will 
bo  nado  up  of  a  noan  orror  plus  a  dsviation  frost  tho 
orror#  and 

X  j  •  X^  ♦  A  X  j  and 

+  (B.ai) 

Tho  distribution  of  ^Xj  and  A  Xj  is  dstominod 
by  tho  dsviation  valuos  givsn  in  (B->80),  Tho  noan 
orror  is  dotsminid  by  suaadng  vap  (B«4l)  ovor  tho 
poj^tlation  n  and  inasmuch  as  now  svovy  possible 
varlablo  factor  is  allowed  to  vary#  there  are  no 
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for  ongr  taoan  valuo  to  oxlot  utOoM  it  io  Inalit 
into  ttao  o^poont  «nd  thio«  of  eoitroo#  lo  not  dont« 
Sutotituting  (B-I2)  and  (B.13)  Into  (B.a}« 


Xj  « 


whoro  and  art  e^natanta  datomlnad  by  tht 
•tata  of  tha  oq^pnant  and  all  ottaar  rarlabla  oiModi- 
tlona  dturlng  tha  J  th  run*  Svibatituting  (B-22)  Into 
tha  rarlanaa  a«uation«  (h--2). 


_  2  1  n_  , 

Jr.  ■  r  (D^i-X^  4- 

•  •  .f 


x-i 


and 


3  Y. 


n%. 


(B-23) 


(B-at) 


again*  ainoa  thaaa  ara  tha  varlanaaa  of  a  linaar 
ooB4)inatLon  of  variablaa*  For  aiapliaity  of  oalaula* 
tiooa*  lat  X>  «  Pj  -  acQT  valua 


{•-15) 


and 
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0  x/ .  1  fc  ♦  1  ^  .x‘ 


Sinm  0  Xj  and  0  art  MatlpUtd  bgr  a 
eonatant  I>^«  tlia  X>^  tan  bt  taloin  outaidt  tht  mam- 
tion  ttnatant  and  Itttlng 


i 

« u 


(B-27) 


1 


H 


(B-aS) 


Zn  addition#  tht  ttoond  ttra  of  (B-23)  and  tht 
ttoond  ttra  of  (B-26)  art  atrtljr  tht  dtflnltlon  of 
tariantt  whloh  It  tht  tfuart  of  tht  donation  at  glrtn 
in  (B-80).  fhua#  lubttltutliif  (B-80)#  (B-S?)#  tad 
(B-a8)  Into  (B-S5)  and  (B-aS)#  alto  using  (B-18)  and 
(B-19), 


S',®  -  B*  (T*,.  +  J>  <»-•) 

vhtrt  and  (3^^^  art  tlw  mmamm  nufiantti 


caused  xundom  fluotuations  which  varjr  fvoa  awpMmt 
to  Mg»w;ct  at  the  oourwe. 

The  deviation  is  dotondnod  by  talcing  the 
positlv*  roots  of  (B-29)  and  (B«30).  I’hotcr- 

inQ  out  D,  thoM  bccojoc 


<B.31) 


D 


(B.32) 


Dividing  through  by  D  to  obtain  the  alongHJOuroo 
and  croM-eouTM  deviation  por  nilo# 


along-oourao  doviation 

1 

(B.33) 

1  ac' 

D 

erooa-eouroo  doviation  « 

[ 

/O'" 

(B-3t) 

1  CO* 

Thum,  it  ia  abemn  that  thoro  ahouid  bo  two  tarMi 
In  the  exproaaiona  for  tha  along-oourao  and  eiraia- 
eouraa  devlationa  por  nlle.  Quo  of  thoao  tomo  la 
Indopondont  of  the  length  of  tho  trip  and  the  othor 
varioa  with  tho  longth  of  tho  tptp  aa  ahown  in  (B-33) 
and 

A  Study  has  boon  oado  <9)  of  tho  varioua  oonowont 
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orrops,  and  the  expected  siMm  veliiMt  tor  these  errere* 
Emxps  ere  found  to  be  cf  three  heme  iTpess 

1)  Doin>^  ground  sp»9e  (or  eloog^course 
TSleeit^r)  error#  Sy  #  end  DovpXer  drift 
error#  • 

2)  Heeding  referenee  error#  1^. 

3)  Ceapttter  error#  2^. 

The  totel  probable  error  is  t^hen  as  the  ms  sob  of 
these  errors* 

Host  present-day  Dcf^Ier  navigation  systrao  are 
of  the  Janus  type  (both  fomerd  and  rearvard  looking 
with  thrso  or  fofar  boaas).  The  velooity  error  for 
this  typo  of  syoten  Is  (29) 

Ky-  •  •  1  -  COS  6  y  +  sin  tan  ^  (B-35) 

where 

£y  <■  fractional  velocity  error 
6v  a.  error  in  velocity 
y  «  veloelty 

^  ^  «  uneertalnty  in  mtoh  angle 
^  <■  angle  between  taorioental  vsloelty  leepment 
and  direotion  of  rediatloii 
•  angle  of  olisti  or  desoont 
For  a  tyi^eal  V  of  TO*#  the  uneortaiBty  is  only 


0.02  per  cent  per  dpgreo.  The  choice  of  70*  as 
optdBura  valtic  of  ^  TOpreeente  a  eopyroBslee  hetween 
high  veleeltgr  Beneititity  (ope  per  )ssiot)  which  IncrMces 
with  saaller  ^  angles «  and  high  signal  return  over  the 
cea  t^ch  Increases  with  larger  ^  angles. 

'ShL‘  recelYcr  of  a  Dossier  navigation  system  must 
filter  the  spectrum  of  received  frctiusncles  to  find 
the  frequency  associated  with  the  oust  px*obable  grormd 
speed  and  drift.  Figure  B>3  chows  a  typical  Doppler 
spectznjaa. 


— T 

— , — m} 

./  i 


3  db  (half  pcwer) 


' — Noise 


Frequency 


Figuro  3-3 

Typical  Doppler  Spoetran: 


Tlie  tttooothing  tine  necessary  to  determine  is 
\uually  on  the  order  of  one  second,  ^JLs  leads  to 
large  errors  in  the  x’oaUlng  of  Instantaneous  veloci¬ 
ties.  However*  after  longer  periods*  tho  fluctuation 
error  becomes  negllglLI«:;.  For  example*  after  100 
seconds*  the  error  is  only  0.0^7^.  The  longer  the 


8d 

Ountlflo  of  tte  flighty  ttw  iwiilor  thii  qMonUtgr 

bOOOBMMI* 

SlttM  tte  olootvloal  oireuits  Mumot  te  aoio 
Mltteut  nolM  and  ocoponont  inaoeuraeloa«  two  tmm 
of  onrar  art  poaoiblo.  Tteftegtetef  traelour  oiror 
is  a  funetion  of  both  tte  Dopplor  frsquoney  spsotviaa 
and  tte  Slvouit  ussd.  This  mpror  is  stterallgr  loss 
than  O.IJC  of  tte  voloeltgr*  but  oan  Inorsaso  at  blfh 
attltudo  duo  to  loss  of  signal  stvongth.  Tte  ssssnd 
posslblo  sntMT  Is  In  tte  frofosnsgr  of  tvansnlssloiu 
This  is  nograally  nsgUgLbly  swall  with  tte  uso  of 
autoiaatle  fnMpaoney  ocmtrol  o<|Ulpaint» 

Vhon  a  Oopplor  radar  Is  usod  ofsr  watsr#  tte 
voloolfcgr  aoouraoy  doorsasos  sonsuhatj  this  oan  bo 
attributed  to  throo  oausost 

1)  An  Insroasod  terrain-bias  orror 

2)  An  orror  duo  to  surfaoo  droplot  motion  of 
tte  water 

3)  Water  ourront  notion 

Tte  nost  Isportant  of  tbsso  is  porbaps  tte  first— 
an  Insroasod  terrain-bias  orror.  Zt  is  duo  to  tte 
sorted  ohaafi  in  soatterlng  oooffioiMit  wltb  Isobing 
angls  oror  tte  oactent  of  tte  radiated  boawsldth. 

Ftguro  ft-A  (83)  is  a  sst  of  plots  sf  tte  wsasurtd 
sostterlng  sosffislsnt  vs.  lasldonss  sngls  (tte  sospls- 
wsnt  sf  tte  ^  sagls  for  s  (3  angls  sf  ssro)  for  an 
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X-band  wmOMt  {9600^X0,000  m)  mmmomA  In  Iftit  tMH- 
sxxrAAl  plan  ffvm  tte  Xangitndlnal  axis  of  tlii  air- 
araft  to  ttio  ppojootion  of  tlio  vadar  boaau  flpvo 
B-4  ahoiii  tha  inamaaod  alopo  of  tho  ourm  for  tiio 
varioua  ooa  otato  condition  aa  ooaparad  with  tha  land 
curvoa  nar  tha  oonmonly  uaod  70*  X  angle*  Vila  in- 
cvaaaod  alopo  rasulta  in  a  alight  akaning  and  aidMten* 
tlal  ahlft  of  tha  oontar  of  grarity  of  tha  raooirad 
apootrun  (figura  B-3)«  in  oontraat  to  that  vhiah  would 
ho  obtainad  trm  tha  aaaa  vaXooity  ovar  land,  fha 
nagnitudo  of  tha  aaaulting  hiaa  omr  doponda  largaly 
on  tha  haaawldth  of  tha  antoima#  dooraaidng  lapidly 
mth  awallor  boaaaiidtba.  Ilgura  (28)  la  a  plot  of 
thia  hiaa  orror  in  pocraontega  of  ralooity  va,  boau- 
width  for  a  d  anglo  of  69*  and  a  angla  of  aoro 
for  two  ottraaia  of  aoa  atato«  naaaly  Baaufort  1  and 
Beaufort  4.  Baaufort  1  la  noraally  dafinad  aa 
'  sBKtoth  aoa«  auall  wavolata  (loaa  than  one  foet)ii" 
and  Baaufort  4  la  noraally  dafinad  aa  "rough  aaa« 

■odium  wavoa  (fira  to  eight  foat)«"  although  it  ia 
wary  diffieult  to  datarain  thaaa  dafinitiona  aoourato* 
ly. 

Sineo  thia  arror  ia  a  ayatanatlo  or  hiaa  arvor*  it 
ia  pwtfflhle  to  alininata  it  althar  hy  oaraful  aaloula** 
tlon  or  hy  inflight  oalihratlon  for  any  ona  partioular 
aaa  atata.  NMt  aodarn  Bopplar  lyatOBW  art  agaipyad  with 


r’lgure  E-4 

Scat'cerin^  Coefficients  for  Land  and  ',7a ter 


EiGure  B-5 

Doppler  'Veclocity  V7ater  Bias  Error  vs.  Beamwidth 
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a  lanftHwa  mAtthg  mth  on*  «•«  pesltlfln  wlilab  aan  ba 
oalitetttad  for  ttaa  aoct  ftm^aantly  aoaaniai  wm  •tela* 
^  anrar  wtalab  ranaina  la  tlia  apa«a4  bitaaau  tlia  awora 
for  tha  aaa  atata  axtraaaa,  fhaaa  anram  ara  apfva- 
oiably  raduoad  iihan  tiia  angla  la  adhar  than  atva* 

Tha  aaaond  anar  la  aauaad  by  nation  of  tha 
aatar  aurfaaa  droplata  (and  hanaa  aaabtarava)  daa  to 
tbo  aatlon  of  tha  wind.  ChU  taaa  baan  datandnad 
axparintntally  ta  ba  ar—whori  batman  8  and  af 
tha  wind  spaadf  and  oan  ba  dlarafaadad#  axoapt  In  tha 
oaaa  of  axtranaly  high  wlnda. 

Sha  third  otar  watar  arvar  la  that  dm  to  ourrant 
notion.  Ihla  rato  appaara  aa  a  dlraat  arror  In  tha 
ground  apaad  naaauranant  alnaa  tha  alraraft  la  aaaauro 
ing  Ita  valaalty  with  raapaet  to  a  aovlng  rafbranoa. 

Xf  tblB  rata  la  known*  It  aan  ba  aaaountad  for  In  paat- 
fliliit  analyaia. 

Xt  night  ba  msfclooad  that  watar  "mf  notion”* 
aa  auah*  prodiiaaa  no  SoppXar  orvar*  ninaa  watar  naaa 
la  not  aotuaUy  transportad  ar  netad  forward  In  tha 
wara  aatlon. 

'SMta  nada  hy  tha  bpii^  Air  Oavaltpnant  Cantar* 
um^-rattaraan  Air  Foraa  laaa*  Bayban*  Ohia*  oanaluiia 
that  raXoalty  atrara  aaar  watar  ahanld  ba  batnain  O.a 
and  0.7J(  of  tha  aatual  0rauad  apaad. 

Tha  aaaanA  baala  anwr  la  happlar  aatlcitian 
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■yitw  i»  tbe  hMrttng  mm  ,  tidm  fni»  t« 
iiMU9  ftn  oUwr  and  tlu*  la  tte  aajtr  mu* 

tributliig  tm%m  in  MMuntiiig  for  tlw  mthBr  latgi 
olreulnr  mm  of  Dopplor  ifstino.  k  mm 

dogsoo  twartlng  orror  sLvm  •  l,af(  orvor  in  paroMnfc 
poolUon.  Slnoo  an  Inortial  platfem  oapablo  of 
giving  an  aaouMto  boadlng  vofoxonao  mu  bo  on  boojrd 
tho  alvovaft^  ttm  autopilot  itaoitld  bo  ablo  to  bold 
to  within  .2£#  of  tho  dooivod  hooding*  This  will 
rooult  in  a  0*5$(  ovror  in  pooitlon*  Zt  ohould  bo  notod 
^t  orooo-tomok  pooition  lo  not  noarly  ao  oooontial  ao 
aoourato  ground  opood  for  tho  dotomination  of  gravitgr. 
around  opood  ontora  tho  Sdtvta  oorvootlon  dlrootlp» 
uhoroaa  hooding  ontora  onlgr  aa  a  trigonoaotrio  funotion. 

Sfat  ttOrd  baaic  orror  it  in  tho  oooputor  uaod  for 
actual  roadout  of  ground  apood  and  drift.  Nodoom  ooai- 
ptttora  uaod  in  the  Doppler  iqrotoa  can  count  acouraoioo 
to  within  0.8^. 

lha  crovall  Doppler  ma  error  nagr  then  be  tatem  aa 

»,  •  y*,® + «»*  ♦  ♦  *c* 

where  la  tho  pooitl  onal  orror  in  per  ooat. 

A  aorioa  of  toata  nado  (SB)  for  788  flight  Xega 
during  the  toaUng  of  tha  iU|/Ani-66  Depplor  apatooi 
■hcwart  orrora  whlah  art  oapirltallp  atatod  aa 
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1)  Par  oant  rangr  «3Rrar  atantara  awlation 
«  8/  y  niriM  J>  Xb  Um  totel  OlatiuiM 
tranilad  in  nautiaal  rlXaa 

2)  Tranarerae  qxtw  atandanS  davlation 

-  l6//«8 

3)  Pr<rtMibla  poaltian  arror  «  I'X/  fW 
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